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STOCHASTIC STRUCTURE OF CLOUD AND RADIATION FIELDS 

Yu. R. Mullamaa; M. A. Sulev, V.  K. Poldmaa, 
H. A. Ohvri l ,  H. J .  Niy l i sk ,  M. I. Allenov, 

L. G .  Tchubakov, A. F. Kuusk' 

Foreword 

Cloudiness i s  one of t h e  most important f a c t o r s  determining t h e  na tu re  of  /5* 
most processes taking p l ace  i n  t h e  Ea r th ' s  atmosphere. Cloudiness r egu la t e s  
t h e  r a d i a t i o n  balance. The r o l e  of cloudiness as a b a s i c  element i n  weather 
formation feedback is obvious. The i n s t a b i l i t y  of  t h e  cloud cover, and espe
c i a l l y  of t h e  cumulus population, which i s  t h e  most va r i ab le ,  leaves i t s  imprint 
on t h e  course of t hese  processes.  In s h i e l d i n g  us from the  Sun, cloudiness 
r egu la t e s  t h e  a r r i v a l  of s o l a r  r a d i a t i o n .  Detection takes  place. because many 
n a t u r a l  processes  (such as heat ing of  t h e  atmosphere and of t h e  Ea r th ' s  su r f ace ,  
t he .me l t ing  of snow, photosynthesis,  and so f o r t h )  are nonl inear  r e l a t i v e  t o  
r ad ia t ion .  For t h i s  reason these  processes depend not  only on t h e  mean amount of 
incoming r a d i a t i o n  bu t  a l s o  on t h e  v a r i a t i o n  of t h e  l a t te r  i n  space and time, 
which i s  l a r g e l y  determined by t h e  s t r u c t u r e  of cloud f i e l d s .  

A t  t h e  same time, we are not thoroughly f a m i l i a r  with t h e  laws governing the  
t r a n s f e r  of energy ( including t h e  conversion of s o l a r  r ad ia t ion )  i n  mesoscale 
processes under unstable  cloudiness condi t ions,  i . e . ,  s u f f i c i e n t  study has not 
ye t  been made of t h e  physical  formation of weather i n  a r e a l ,  non-hypothetical 
atmosphere. 

I t  i s  now un ive r sa l ly  acknowledged t h a t  from the  viewpoint of p r a c t i c a l  
app l i ca t ion  it i s  necessary t o  consider t h e  r a d i a t i v e  and o p t i c a l  c h a r a c t e r i s t i c s  
not of t h e  individual  clouds bu t  of cloudiness i n  general  as a s t o c h a s t i c  forma
t i o n .  Even i n  the  r e l a t i v e l y  recent  p a s t  t h e r e  was no way of  approaching sb lu t ion  

I t  seemed t o  be impossible even t o  e s t a b l i s h  aof problems of t h i s  nature .  

r i g i d l y  s c i e n t i f i c  formulation of such problems. 
 In p a r t i c u l a r ,  i n  u t i l i z i n g  t h e  
t r a n s f e r  theory t o  study t h e  r a d i a t i o n  regime of t h e  r e a l  atmosphere inves t iga 
t o r s  were forced t o  r e s t r i c t  themselves e i t h e r  t o  c l e a r  weather conditions of 
t o  uniform continuous s t r a t i f i e d  clouds.  This was due t o  the  circumstance t h a t  
e f f e c t i v e  methods of  applying t h e  t r a n s f e r  theory t o  s t o c h a s t i c  s t r u c t u r e s  such /6 
as a broken cloud cover were v i r t u a l l y  non-exis tent .  Obstacles were represented-
by t h e  mathematical d i f f i c u l t i e s ,  which even now have not been f u l l y  overcome, 
i n  solving t h e  t r a n s f e r  equation f o r  a medium with s t a t i s t i c a l l y  dis turbed 
o p t i c a l  parameters varying over a very wide range, as  well as t h e  lack of methods 
f o r  experimental determination of the  microphysical cloudiness parameters enter ing 
i n t o  t h i s  theory and the  v a r i a b i l i t y  of t hese  parameters i n  a given concrete 
s i t u a t i o n .  

*Numbers i n  margin i n d i c a t e  paginat ion from foreign t e x t .  
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Hence emphasis i s  now being placed on s tudy  of  t h e  s t a t i s t i ca l  parameters 
and r a d i a t i o n  f i e l d s  and t h e i r  i n t e r r e l a t i o n s .  This  f i e l d  a l s o  inc ludes  s tudy  
of  t h e  s t o c h a s t i c  structure of  cloud and r a d i a t i o n  f i e l d s  which has been con
ducted i n  recent: years  a t  t h e  Department of  Atmospheric Physics o f  t h e  I n s t i t u t e  
of Physics and Astronomy, Academy of Sciences of t h e  Estonian SSR. The present  
book is  devoted t o  a sys temat ic  p re sen ta t ion  of  t h i s  research .  

G .  V.  Rozenberg promoted t h i s  research;  he was t h e  i n i t i a t o r  of  t h e  b a s i c  
ideas  underlying t h e  inves t iga t ions  and took active p a r t  i n  drawing up t h e  pro
gram f o r  them. 

In  1966 a j o i n t  p r o j e c t  was i n s t i t u t e d  among groups of  s p e c i a l i s t s  i n  t h e  
r a d i a t i o n  ene rge t i c s  of  t h e  atmosphere from t h e  I n s t i t u t e  o f  Atmospheric Physics 
of t h e  Academy of Sciences of  t h e  USSR, t h e  Ukrainian Hydrometeorological 
S c i e n t i f i c  Research I n s t i t u t e ,  and t h e  I n s t i t u t e  o f  Physics and Astronomy of t h e  
Academy of  Sciences o f  t h e  Estonian SSR. The p r o j e c t  was organized and d i r ec t ed  
by Prof.  G .  V.  Rozenberg and Ye. M. Feygel 'son, Doctor o f  Physical  and Mathema
t i c a l  Sciences.  The success  of t h e  p r o j e c t  was assured by t h e  a s s i s t a n c e  of 
Yu. K .  ROSS,  Doctor of  Physical  and Mathematical Sciences,  i n  formulation of t h e  
problem and i n  organiza t ion  of  t h e  j o i n t  s t u d i e s .  

Within t h e  framework of  t h e  j o i n t  research ,  which continued u n t i l  1970, s tudy 
was made c h i e f l y  o f  r a d i a t i v e  hea t  t r a n s f e r .  A t  t h e  same time, research was 
i n s t i t u t e d  a t  t he  I n s t i t u t e  of Atmospheric Physics of t h e  Academy of Sciences 
o f  t h e  USSR and t h e  I n s t i t u t e  of Atmospheric Physics o f  t h e  Academy of Sciences 
of t h e  Estonian SSR on t h e  s t a t i t i c a l  s t r u c t u r e  of  r a d i a t i o n  f i e l d s  i n  t h e  
atmosphere when clouds a r e  present .  The r e s u l t s  of t hese  j o i n t  s t u d i e s  were 
published i n  a c o l l e c t i o n  e n t i t l e d  "Heat Transfer  i n  t h e  Atmosphere.'' In  recent  

/7 
years  s tudy of t h e  s t o c h a s t i c  s t ruc tu re  of r a d i a t i o n  and cloud f i e l d s  has been 
continued and expanded a t  both I n s t i t u t e s .  I 

For t h e  sake of  completeness of  p re sen ta t ion ,  along with previously 
unpublished r e s u l t s  t h e  p re sen t  s tudy a l s o  inc ludes  t h e  r e su l t s  of  work done 
within the  framework o f  j o i n t  research .  Only t o  a c e r t a i n  e x t e n t ,  however, have 
comparisons been made with t h e  r e s u l t s  of s t u d i e s  by o the r  i n v e s t i g a t o r s .  

The present  s tudy i s  t h e  r e s u l t  o f  t h e  j o i n t  work of  a team cons i s t ing  of 
M .  I .  Allenov, A .  E .  Kuusk, H.  I .  N i Y l i s k ,  Associate  i n  Physical  and Mathemati
c a l  Sciences,  H .  A .  Ohvr i l ,  V .  K .  Poldmaa, Associate  i n  Physical  and Mathemati
c a l  Sciences,  M .  A .  Sulev, Associate  i n  Physical  and Mathematical Sciences,  
L.  G .  Chubakov, and Yu.. R .  Mullamaa, Associate  i n  Physical  and Mathematical 
Sciences,  who supervised t h e  p r o j e c t  group and genera l ized  t h e  d a t a  obtained.  
The present  paper was w r i t t e n  by Yu. R .  Mullamaa, with t h e  exception of Sect ion 
4 of Chapter I1 and Sect ion 4 o f  Chapter V ,  which were wr i t t en  by M. I .  Allenov, 
and Sect ion I o f  Chapter V,  wr i t t en  by H.  J .  Niy l i sk .  The following took p a r t  
i n  wr i t i ng  ind iv idua l  s ec t ions  of t h e  book: V I  K .  Poldmaa, Sec t ion  3 of Chapter 
I ;  H. A .  Ohvr i l ,  Sec t ion  4 of Chapter I ;  M .  A .  Sulev, Sec t ions  1-3, 5 and 6 of  
Chapter 11; M. I .  Allenov, Sec t ion  4 of  Chapter 11; V. K .  Poldmaa and M .  A. 
Sulev, Sec t ions  2 and 3 o f  Chapter 3; H .  A .  Ohvri l ,  Sec t ions  4-6 of  Chapter 3; 
V .  	 K. Poldmaa, Sec t ion  7 of  Chapter 3;  H. A .  Ohvri l ,  Sect ion 1 and 2 of Chapter 
I V ;  V .  K'. Poldmaa and M .  A .  Sulev, Sect ions 3-5 o f  Chapter I V ;  A .  E .  Kuusk, 
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Sect ion 6 o f  Chapter I V ;  H. J .  Niyl isk,  Sect ions 1 and 2 of Chapter V ;  H. A .  
Ohvri l ,  Sec t ion  3 of Chapter V ;  and M. I .  Allenov and L .  G.  Chubakov, Sect ion 4 
o f  Chapter V .  

The p resen t  work c o n s i s t s  o f  f i v e  chapters .  In t h e  first chapter  a general  
formulation o f  t h e  problem i s  given and t h e  p o s s i b i l i t i e s  afforded by app l i ca t ion  
of t h e  theory o f  random processes  are considered. The s t a t i s t i c a l  c h a r a c t e r i s t i c s  
of random processes u t i l i z e d  t o  descr ibe and analyze t h e  s t r u c t u r e  of cloud and 
r a d i a t i o n  f i e l d s  are presented,  poss ib l e  e r r o r s  i n  experimental measurement of 
such f i e l d s  are est imated,  and information i s  given on t h e  methods used i n  con
version o f  s t a t i s t i ca l  c h a r a c t e r i s t i c s .  A desc r ip t ion  i s  given of t h e  cloud 
model w e  have constructed,  which i s  employed i n  t h e o r e t i c a l  ana lys i s  of t he  
r e s u l t s  obtained.  -

The a r r a y  of equipment used i n  t h e  experimental s t u d i e s  i s  described i n  t h e  
second chapter .  The r e s u l t s  o f  i n v e s t i g a t i o n  of t h e  s t o c h a s t i c  s t r u c t u r e  of 
t he  cloud cover are presented i n  Chapter 111. 

The s t o c h a s t i c  s t r u c t u r e s  of shortwave and longwave r a d i a t i o n  f i e l d s  and 
t h e i r  r e l a t i o n s h i p  t o  t h e  cloud cover s t r u c t u r e  are considered i n  Chapters 4 
and 5. 

A f i r s t  attempt a t  systematic  p re sen ta t ion  o f  study of t h e  s t o c h a s t i c  
s t r u c t u r e  of cloud and r a d i a t i o n  f i e l d s  o f  t h e  e a r t h ' s  atmosphere must i nev i t ab ly  
be imcomplete. A t  t h e  p re sen t  time more o r  l e s s  complete experimental d a t a  have 
been obtained only on cumulus clouds.  Nor has f u l l  use been made of t h e  poten
t i a l  of t h e o r e t i c a l  ana lys i s  of t h e  a v a i l a b l e  experimental d a t a .  A convenient 
form has neve r the l e s s  been found f o r  modeling cloud f i e l d s  on t h e  b a s i s  of which 
. t heo re t i ca l  ana lys i s  has been performed making it  poss ib l e  t o  e s t a b l i s h  t h e  
r e l a t i o n s h i p  between cloud s t r u c t u r e  and r a d i a t i o n  f i e l d  s t r u c t u r e .  The measure
ments a c t u a l l y  performed have confirmed t h e  t h e o r e t i c a l  assumptions made. The 
parameters employed i n  t h e  theory have been determined by way o f  experiment. A 
considerable  number o f  important empirical  r e l a t i o n s  have a l s o  been e s t ab l i shed .  
A more o r  l e s s  complete concept has consequently been fashioned, one which may 
be used t o  advantage i n  considerat ion of a number of problems o f  atmospheric 
phys ics . 

The authors would l i k e  t o  express t h e i r  g rea t  indebtedness t o  Prof.  G .  V .  
Rozenberg f o r  h i s  encouragement toward t h e  conduct of t h i s  r e sea rch ,  h i s  guidance 
i n  t h e  matter  o f  t he  underlying concept, and h i s  constant support  as t h e  work 
progressed. Thanks a r e  due E .  M .  Feigelson, Doctor of Physical and Mathematical 
Sciences f o r  organizat ion and s c i e n t i f i , c  guidance i n  t h e  process o f  t h e  j o i n t  
r e sea rch ,  t o  N .  I .  Goisa, Associate  i n  Geographic Sciences,  f o r  h i s  kind 
co l l abora t ion ,  t o  A. I .  Furman, D i rec to r  o f  t h e  Meteorological Experimental 
S t a t i o n  of t h e  Ukrainian Yydrometeorological S c i e n t i f i c  Research I n s t i t u t e ,  f o r  
h i s  a s s i s t a n c e  i n  ca r ry ing  ou t  j o i n t  a i rcraf t  research and t o  R .  G .  Timanovskaya 
f o r  h e r  p a r t i c i p a t i o n  i n  t h e  r e sea rch .  

The authors  are g r a t e f u l  t o  t h e  head o f  t h e  Department of Atmospheric Physics,  
J .  K .  Ross, Doctor of Physical and Mathematical Sciences,  f o r  h i s  extensive 
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support and assistance both in formulation of the problem and in resolving -
organizational problems, and to all the personnel of the Institute who partici-

/9 

pated in the studies and in compilation of the present work. 
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CHAPTER I. STATISTICAL DESCRIPTION OF CLOUD AND RADIATION FIELDS /13 

Sect ion 1. In t roduct ion  _ _  - .~.-

The cloud cover i s  b a s i c a l l y  a s t o c h a s t i c  formation. Hence i n  t h e  s tudy 
of t h e  p rope r t i e s  of clouds as  a complete formation they must be  descr ibed 
s t a t i s t i c a l l y .  In  addi t ion ,  owing t o  t h e  inf luence  of t h e  cloud cover on t h e  
r a d i a t i o n  f i e l d ,  t h e  l a t te r  i s  a l s o  s t o c h a s t i c  when clouds are present  and it 
must be descr ibed by s ta t i s t ica l  methods. A s  a r e s u l t ,  formulation of  t h e  problem 
i t s e l f  i s  of a na tu re  such t h a t  it i s  necessary t o  seek a r e l a t i o n s h i p  between 
t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  of r a d i a t i o n  f i e l d s  on t h e  one hand and t h e  cloud 
cover on t h e  o ther .  A l l  a t tempts  t o  u t i l i z e  de t e rmin i s t i c  methods, inc luding  t h e  
transfer equat ion,  f o r  t h i s  purpose have proved t o  be ine f f ec t ive ,  A t  t h e  same 
t i m e ,  no s ta t i s t ica l  theory of t ransfer  e x i s t s .  A t  t h e ' p r e s e n t  t i m e  on ly  t h e  f irst  
s t e p s  have been taken toward genera l iza t ion  of t h e  t r a n s f e r  theory t o  media with 
s t a t i s t i c a l l y  d i s t r i b u t e d  paramters.  This circumstance i s  t o  be ascr ibed  t o  
t h e  mathematical d i f f i c u l t i e s  inherent  i n  so lu t ion  of  t h e  t r a n s f e r  equat ion f o r  
such a medium. 

An obs tac l e  o f  no less importance, and indeed t h e  main one from t h e  viewpoint 
of t h e  physics  o f  t h e  problem, i s  t h e  d i s p a r i t y  between t h e  t r a n s f e r  theory and 
ac tua l  experimental  c a p a b i l i t i e s .  There are v i r t u a l l y  no methods of experimental 
determination of  t h e  e n t i r e  complex o f  microphysical c loudiness  f a c t o r s  en te r ing  
i n t o  t h i s  theory,  and e spec ia l ly  t h e  v a r i a b i l i t y  o f  such f a c t o r s  i n  t h e  cons tan t ly  
changing concrete  s i t u a t i o n s  i n  t h e  real atmosphere. 

In  view of t h e  foregoing, t h e r e  i s  no sense i n  proceeding on t h e  b a s i s  of t h e  /14
r a d i a t i v e  theory,  t ak ing  a l l  i t s  f i n e  po in t s  i n t o  account.  Theore t ica l  synthes is  
should no t  i n  our opinion s t r i v e  f o r  excessive p rec i s ion .  I t  should be approxima
t i v e  i n  na tu re .  A t  t h e  same t i m e ,  due a t t e n t i o n  must be devoted t o  adjustment 
of t h e  s t r u c t u r e  of t h e  theory t o  experimental c a p a b i l i t i e s ,  s i n c e  only ac tua l  
measurements can confirm t h e o r e t i c a l  expectat ions and d e e r m i n e  t h e  parameters 
involved i n  t h e  theory.  

Thus formulation of t h e  problem i t s e l f  depends l a rge ly  on t h e  s c a l e  of t h e  
phenomenon i n  ques t ion ,  and t h e  s t r u c t u r e  of t h e  theory i n  t u r n  depends on t h e  
formulation of t h e  problem. In  addi t ion  t o  - the  phys ica l  n a t u r e  of t h e  problem, 
an approach such as  t h i s  i s  a t  t h e  present  time d i c t a t e d  by mathematical consi
dera t ions ,  s ince  s t a t i s t i c a l  ana lys i s  i n  t h e  general  form, without numerical 
ana lys i s  i n  the  form of t a b l e s  and graphs, simply cannot be accomplished without 
a conveni,ent and f l e x i b l e  mathematical apparatus .  

We are faced with t h e  problem of mesoscale s tudy of  cloud and r ad ia t ion  f i e l d s  
and t h e i r  r e l a t i o n s h i p s .  The s p e c i a l  i n t e r e s t  i n  mesoscale processes  i s  due t o  
t h e  fact  t h a t  p r e c i s e l y  on such s c a l e s  and over t h e  t y p i c a l  t i m e  interval74 
corresponding t o  them is  t h e  inf luence  of r a d i a t i o n  exef ied  on na tu ra l  processes  
and does cloudiness  appear i n  t h e  r o l e  of feedback r egu la to r  i n  t h e  formation 
of weather. 
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I t  must be noted t h a t  t h e  r a d i a t i o n  regime of  an ind iv idua l  uniform s t r a t i f i e d  
cloud has  now been thoroughly s tud ied  within t h e  framework of  t h e  de t e rmin i s t i c  
t r a n s f e r  theory.  However, under ac tua l  condi t ions t h e  s c a l e s  of such cloud sec
t i o n s  which are ho r i zon ta l ly  uniform i s  small, i . e . ,  t h e  r a d i a t i o n  regime of  
p l ane -pa ra l l e l  cloud formation i s  i n s i g n i f i c a n t  i n  t h e  a r r ay  o f  phenomena under 
cons i d  e r ation. 

I n  t h e  r ad ia t ion  c h a r a c t e r i s t i c s  of c loudiness  as a complete formation t h e  
minute d e t a i l s  o f  t h e  s t r u c t u r e  and r ad ia t ion  p rope r t i e s  o f  i nd iv idua l  cloud 
elements are smoothed ou t  and thus  exert only a s l i g h t  e f f e c t ,  both from t h e  
viewpoint of  ene rge t i c s  and as regards inf luence  on t h e  atmosphere. 

Hence i n  undertaking t o  s tudy t h e  op t i c s  of  t h e  cloud cover a s . a  complete /15

formation it  i s  log ica l  exclude superfluous d e t a i l s  from t h e  ana lys i s  andt o  
t o  cha rac t e r i ze  t h e  cloud cover by a small number of genera l ized  microparameters. 
In t h e  process  t h e  minuteness of d e t a i l  of t h e  parameters,  as  was noted e a r l i e r ,  
i s  determined by t h e  phys ica l  na tu re  of t h e  problems under cons idera t ion  and 
the  n a t u r a l  r e s t r i c t i o n s  determining t h e  r ep roduc ib i l i t y  o f  a concrete  measurement. 
I t  goes without saying t h a t  t h e  in t roduct ion  of  genera l iz ing  microparameters en
t a i l s  t h e  need f o r  s tudy of t h e i r  r e l a t i o n s h i p  t o  t h e  d e f i n i t i v e  aggreg3te of 
microopt ical  parameters,  with allowance made f o r  t h e  v a r i a b i l i t y  of  t h e  l a t t e r .  

The minimum s c a l e  t o  which macrocharac te r i s t ics  a r e  app l i cab le  i s  determined 
p r imar i ly  by t h e  p o s s i b i l i t y  of  e s t ab l i sh ing  s u f f i c i e n t l y  s t a b l e  mean values  f o r  
t h e  macrooptical  parameters,  i . e . ,  i t  i s  d i c t a t e d  by t h e  physics  of cloud forma
t i o n ,  but  i n so fa r  as r a d i a t i o n  processes  a r e  concerned t h e  minimum s c a l e  must 
considerably exceed t h e  length  of t h e  mean free path of  a photon i n  a cloud. In  
add i t ion ,  i n  determinat ion o f  t h e  minimum cloud s t r u c t u r e  s c a l e  t h e  b a s i s  adopted 
should be t h e  sca l e s  o f  modulation o f  t h e  r a d i a t i o n  f i e l d  determined by t h i s  
s t r u c t u r e .  On the  b a s i s  of  our experimental  s t u d i e s  ( f o r  f u r t h e r  d e t a i l s  s ee  
Chapter 111) i n  t h e  shortwave reg ion  of t h e  spectrum, approximately 100 m.should 
be adopted as t h e  minimum s c a l e ,  The o p t i c a l  p rope r t i e s  of t h e  cloud cover a r e  
known t o  depend l a rge ly  on t h e  wavelength of r ad ia t ion .  The minimum s c a l e  i s  re
duced i n  t h e  region of  thermal r a d i a t i o n ,  where t h e  length of t h e  mean free pa th  
o f  a photon i s  s u b s t a n t i a l l y  s h o r t e r .  

We give  no cons idera t ion  t o  t h e  comparatively wel l  known l a rge - sca l e  processes ,  
which determine the  c l imate  of our p l ane t  and on t h e  theory of  which synopt ic  
weather fo recas t ing  methods res t .  

The maximum s c a l e s  of t h e  s t a t i s t i c a l  s t r u c t u r e  of  cloud and r a d i a t i o n  f i e l d s  
with which we a r e  concerned a r e  determined by t h e  ex ten t  of t h e  cloud formations.  
I f  t h e  s c a l e s  were t o  be l a r g e r ,  we would e n t e r  t h e  domain of l a rge - sca l e  
nephanalysis .  As our  experiments demonstrate ( f o r  f u r t h e r  d e t a i l s  s e e  Chapters 
I11 and IV), t h e  maximum scales f o r  var ious types o f  cloud formations range from 
50 t o  500 km. 

Thus t h e  s c a l e  of t h e  processes  i s  determined by t h e  dynamics of  t h e  atmos- /16 
sphere and should always be v e r i f i e d  by experiment. This i s  one of  t h e  key areas-
i n  which a theory i s  untenable  without experimentation. 
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As w e  know from t h e  theory o f  random processes ,  a c t u a l  processes a r e  never 
r igorous ly  s t a t i o n a r y ,  if f o r  no o the r  reason than t h a t  they a r e  r e s t r i c t e d  i n  
t i m e  o r  space.  This i s  f u l l y  appl icable  t o  r a d i a t i o n  and cloud f i e l d s ,  which 
genera l ly  speaking a r e  non-homogeneous and e s p e c i a l l y  a r e  non-isotropic .  However, 
t h e  r e s u l t s  of  experimental  research  i n d i c a t e  t h a t  it i s  almost always poss ib l e  
t o  s e l e c t  temporal o r  s p a t i a l  s ca l e s .  of adequate ex ten t  wi th in  t h e  l i m i t s  o f  
mesoscale processes ,  i n  which t h e  processes  inves t iga t ed  may be regarded i n  
approximation as being s t a t i o n a r y  (homogeneous) . From t h e  mathematical viewpoint 
homogeneous f i e l d s ,  and e s p e c i a l l y  i s o t r o p i c  ones, a r e  unquestionably t h e  s implest  
and f o r  t h i s  reason it is  advisable  t o  conduct model s tudy t o  a s c e r t a i n  t h e  t y p i c a l  
f ea tu re s  o f  r a d i a t i o n  and cloud f i e l d s  by means o f  approximation t o  these  f i e l d s .  

In  process ing  t h e  r e s u l t s  of  experimental s tud ie s  we employ two c r i te r ia  f o r  
scale se l ec t ion :  (1) t h e  p o s s i b i l i t y  of  formation of  mean values  and (2)  t h e  
asymptotic force  of  t h e  s t r u c t u r a l  func t ion .  We accordingly select t h e  s p a t i a l  
o r  temporal averaging s c a l e s  which y i e l d  minimum dispers ion  f o r  t h e  s t a t i s t i ca l  
c h a r a c t e r i s t i c s .  The s t a t i s t i ca l  c h a r a c t e r i s t i c s  of  t h e  r ad ia t ion  and cloud 
f i e l d s  determined from t h e  experimental  s t u d i e s  involve an e r r o r  which depends 
not  only on instrument accuracy and t h e  phys ica l  na tu re  o f  t h e  q u a n t i t i e s  s tud ied ,  
bu t  on t h e  na tu re  of  t h e  v a r i a b i l i t y  o f  t h e  l a t t e r  as wel l .  

Inasmuch as s t a t i s t i c a l  desc r ip t ion  i s  involved, and, as w e  saw e a r l i e r ,  t h e  
accuracy i s  l imi t ed ,  only one-dimensional and two-dimensional p robab i l i t y  d i s 
t r i b u t i o n  func t ions  and f i r s t - o r d e r  and second-order f a c t o r s  can be a r r ived  a t  
with acceptable  accuracy. From t h e  mathematical viewpoint t h i s  means t h a t  
accura te  algorithms a r e  obtained f o r  l i n e a r  ccnversions o f  s t a t i s t i c a l  charac
t e r i s t i c s ,  but  only approximate ones fer  nonl inear  conversions.  A t  t h e  same 
time, i n  t h e  l a t t e r  case t h e  accuracy i s  determined t o  a considerable  ex ten t  both 
b). t h e  na tu re  of  t h e  nonl inear  conversion and by t h e  p rope r t i e s  o f  t h e  random! 
process being converted.  

Inasmuch as ana lys i s  of  two i n t e r r e l a t e d  s t o c h a s t i c  f i e l d s  (clouds and r a d i 
a t ion )  charac te r ized  by a Large number o f  parameters i s  involved, it i s  necessary 
t o  i n v e s t i g a t e :  

(1) t h e  r e l a t i o n s h i p  between the  s t a t i s t i c s  o f  t he  var ious parameters of  each 
o f  t hese  f i e l d s  separa te ly ;  

(2)  conversion o f  these  r e l a t ionsh ips  on change i n  t h e  observer ' s  pos i t i on
r e l a t i v e  t o  t h e  cloud cover; and 

( 3 )  t h e  r e l a t i o n s h i p  between the  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  t h e  f i e l d s .  

The problem i s  g r e a t l y  s impl i f i ed  by t h e  circumstance t h a t  t h e r e  i s  a l i n e a r  
r e l a t i o n s h i p  between many o f  t h e  r a d i a t i o n  and cloud parameters.  The ch ie f  com
p l i c a t i o n s  occur i n  s tuay  o f  t h e  r e l a t ionsh ips  between t h e  s t a t i s t i c s  of  r ad ia 
t i o n s  f i e l d s  and t h e  o p t i c a l  macroparameters o f  t h e  cloud cover.  This  occasions 
mathematical d i f f i c u l t i e s ,  as well as considerable  e r r o r s ,  which are inherent  
i n  even t h e  s implest  non-l inear  conversions.  Only t h e  f irst  s t eps  have been 
taken i n  t h i s  f i e l d  o f  research  and t h e  r e s u l t s  obtained are h ighly  t en ta t ive  
i n  na ture .  
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Let us proceed now t o  p re sen ta t ion  of the  algorithms o f  s t a t i s t i c a l  character
ist ics employed i n  desc r ip t ion  of the  cloud and r a d i a t i o n  f i e l d  s t r u c t u r e s .  

Se~tioria,... BBG.56 CBaraCterist ics i n-The Theory 6f Random Processes-

The following s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  theory o f  random funct ions 
have been used t o  descr ibe t h e  s t r u c t u r e  of cloud and r a d i a t i o n  f i e l d s  and t h e i r  
r e l a t i o n s h i p s  : 

c ( t ) , n ( t )  --mathematical expectation of random processes  (mean), 

rE --autocorrelat ion funct ion,  

r E n  - -cross -c o r r e l a t  ion funct ion,  

DE(t) s t r u c t u r a l  funct ion,  

SE(w) - - spec t r a l  dens i ty ,  

S<n(w> rec ip roca l  s p e c t r a l  dens i ty ,  

S(Xi),  X i  --eigenvalues and eigenfunctions of  c o r r e l a t i o n  ma t r ix  K ,  

P , p  --one-dimensional and two-dimensional p r o b a b i l i t i e s  and d i s t r i b u t i o n  
funct ions.  

In processing of t h e  r e s u l t s  of experimental research i n  a Minsk-22 computer 
t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of the  random process were determined by t h e  
d i s c r e t e  values of t h e  l a t t e r  forming a random sequence. 

Algorithms f o r  es t imat ion of  t h e  c h a r a c t e r i s t i c s  of  random sequences a r e  
given below. 

a. Mathematical expectation (mean) i s  expressed by: 

where < ( t i )  i s  the value of the  random process a t  the  i t h  readout,  and N t h e  nynber 
of consecutive readouts according t o  which the  mean i s  taken. 

b .  	 Dispersion i s  found from t h e  formula given i n  reference [l]: 
i-

G=L%,I'c - = l  [ S ( f i ) - - E ( t )  12. (1.2) 

c. The normalized c ross -co r re l a t ion  and au tocor re l a t ion  funct ions r< and 
r < n  along the  sec t ion  of v a r i a t i o n  of t h e  argument from 0 t o  M A t  a r e  obtained 
from t h e  formulas given i n  reference [l]: 
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where k = 0, 1, ... M and A t  i s  t h e  i n t e r v a l  between adjacent readouts.  4

i 
d. 	 The s t ruc tura l  funct ion is ca l cu la t ed  from the formula given i n  reference /19 4-P I :  

1 s
D&(kd t )=-N - k  X { [ : ( t i + k ) - E ( t , j ] 

1 = l  

e. Before t h e  s p e c t r a l  d e n s i t i e s  are calculated t h e  c o r r e l a t i o n  funct ions 
are f i l t e r e d  by the  B a r t l e t t  method [1,3,4]:  

r*( k 3 t )  =( i -- -:f) r  ( / t At , 
(1.6) 

where k = 1, ... M., 
The s p e c t r a l  d e n s i t i e s  and r ec ip roca l  d e n s i t i e s  based on the  corresponding 

au tocor re l a t ion  and c ross -co r re l a t ion  funct ions a r e  Calculated from t h e  formulas 
given i n  [1,5] : 

A t  AI- 1 
do)=---[r:(o) +2 X r * ( q ~ t ~S E ( ~  2n C O S  nzq ~t do+ 

q z . 1  

and i n  
where 

and 

(1.10) 

a r e  r e spec t ive ly  t h e  r e a l  and imaginary p a r t s  of the  s p e c t r a l  dens i ty ,  and 
w=mAw i s  t h e  c i r c u l a r  frequency of t h e  s p e c t r a l  dens i ty .  In t h e  present  study 
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use is  made of  l i n e a r  frequency f=w/27~along with t h e  circular frequency. The /20 
s p e c t r a l  d e n s i t i e s  f o r  l i n e a r  and circular frequencies  are r e l a t e d  by t h e  e q u a t i o n  

(1.11) 


The following a u x i l i a r y  funct ions a r e  employed t o  provide f o r  i n t e r p r e t a t i o n  of  
t h e  r e s u l t s  of r ec ip roca l  s p e c t r a l  ana lys i s :  

(1) coherence 

(1.12) 

t h e  va lue  of  which can be found over t h e  range O I C ( w ) S l ,  and i t s  behavior i s  
analogous t o  t h e  behavior of  t h e  square of  t h e  ord inary  c o r r e l a t i o n  c o e f f i c i e n t .  

(2) phase c h a r a c t e r i s t i c  

(1.13) 

which makes it poss ib l e  t o  t r a c e  t h e  phase s h i f t  between two processes  as  a func
t i o n  of frequency. 

f .  In  order  t o  determine t h e  parameters o f  t h e  s t a t i s t i c a l  s t r u c t u r e  o f  sky 
br ightness  and cloud coverage of  t h e  d i r e c t i o n  of s i g h t i n g  as  a func t ion  of  t h e  
zeni th  angle of observat ion 8 expansion has been made i n t o  a Fourier  series 
on t h e  base l i n e  system of orthogonal and normalized func t ions  X i ( 8 ) ,  which y i e l d  
t h e  optimum approximation of measurement of  random funct ion ,  <(8) (see [6 ,7 ] ) .  
In  t h i s  ins tance  eigenvalues S(Xi) represent  d i spers ion  o f  t h e  corresponding 
orthonormalized base l i n e  func t ions  X i  ( 8 )  . 

The eigenfunct ions and eigenvalues are obtained by so lv ing  i n t e g r a l  equat ion 

where K(8m,3q) are t h e  elements of  co r re l a t ion  matr ix  K ,  i . e . ,  t h e  c o r r e l a t i o n  
c o e f f i c i e n t s  of  t h e  random funct ion  inves t iga t ed  i n  s igh t ing  d i r e c t i o n s  t9 m and 
Uq. Expansion based on t h e  orthonormalized eigenfunct ions assures  minimum d i s - / 2 1  
pers ion  of  t h e  r e s idua l  term i n  comparison with o the r  poss ib l e  orthonormalized 
funct ions.  

The r e l a t i v e  accuracy of expansion 
S (XI)+ S  (X2)+ . . . + S  ( X i )

1. 
I m - S (XI)+ S  (X,)+ . . . + S  (*Yi )  + . ..+ S  ( X m )  (1.15) 

expresses  t h e  po r t ion  of  t o t a l  d i spers ion  of t h e  f i rs t  i components i n  t h e  t o t a l  
d i spe r s ion  of  a l l  m components. Research completed up t o  t h e  present  time has 
shown t h a t  i n  t h e  approximation of meteorological and r a d i a t i o n  f i e l d s  adequate 
accuracy i s  achieved by means of t h e  f irst  few eigenfunct ions.  This remarkable 
c h a r a c t e r i s t i c  a l s o  explains  t h e i r  wide app l i ca t ion  i n  t h e  so lu t ion  o f  a g rea t  
v a r i e t y  o f  problems [8-161. 
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g. One-dimensional and two-dimensional funct ions of p r o b a b i l i t y  d i s t r i b u 
t i o n  P(cl)  and P(c1,c2) cha rac t e r i ze  t h e  p robab i l i t y  o f  events  F,(t)< 51 and 
E ( t I S c 1 ,  5 ( t + A t ) l 5 2 ,  i . e . ,  

(1.16) 

(1.17) 

where A t  i s  t h e  s h i f t  o f  readout  moments E ( t ) .  One-dimensional and two-dimensional 
p r o b a b i l i t y  d i s t r i b u t i o n  func t ions  a r e  obtained by d i f f e r e n t i a t i n g  d i s t r i b u t i o n  
funct ions (1.16) and (1.17) r e spec t ive ly :-

(1.18) 

(1.19) 

where A E  i s  t h e  quant iza t ion  l e v e l  i n t e r v a l .  

In ana lys i s  of  t h e  s t a t i s t i c a l  s t r u c t u r e  t h e  cumulus cloud cover i s  a l s o  
charac te r ized  by t h e  frequency of clouds o r  c l e a r  gaps,  i . e . ,  t h e  average 
number of clouds o r  c l e a r  gaps x per  u n i t  time i n  t h e  case of ground measurements /22 
o r  p e r  u n i t  length i n  t h e  case of a i r c r a f t  measurements: 

(1.20) 

where Km i s  t h e  t o t a l  number o f  clouds (or  clear gaps) pe r  measurement of dura
t i o n  M .  

Sect ion 3 .  Estimation of  Dependabili ty of Experimental_Determinatiqn of Cloud~ ~~~~~ ~ _ _ ~ 
and Radiation- Characteri-st-ics <n a Real Atmosphere 

Cloud and Radiation f i e l d s  a r e  considered t o  be l o c a l l y  homogeneous and i n  
c e r t a i n  in s t ances  a l s o  i s o t r o p i c  random f i e l d s  (random processes) .  In t h i s  case 
determinat ion of  t h e  empir ical  s t a t i s t i c a l  c h a r a c t e r i s t i c s  i s  based on u t i l i z a 
t i o n  of t h e  well-known proper ty  of  e rgod ic i ty .  

Questions o f  s t a t i s t i c a l  t reatment  of t h e  r e s u l t s  of  measurement of cloud 
and r a d i a t i o n  c h a r a c t e r i s t i c s ,  with allowance made f o r  t h e  s ta t i s t ica l  r e l i a b i l i t y  
provided by measurements over  a l imi t ed  i n t e r v a l  of time, w i l l  be  considered i n  
what follows. 

As w i l l  be  demonstrated la te r ,  e r r o r s  i n  determinat ion of t h e  s ta t i s t ica l  
c h a r a c t e r i s t i c s  of  cloud and r a d i a t i o n  f i e l d s  depend on t h e  dura t ion  of recording 
(measurement), t h e  methods of  processing t h e  experimental d a t a  i n  a computer, 
and t h e  d i s t o r t i o n s  occasioned by t h e  a r r ay  of measuring instruments .  
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The maximum s c a l e  (durat ion of recording) i s  determined by t h e  ex ten t  of  
cloud formations of d i f f e r e n t  shapes; i n  our  experimental s t u d i e s  it was 
approximately 50-500 km i n  a i r c r a f t  measurements o r  1-4 hours i n  ground measure
ments. The r e s u l t s  of the  experimental measurements wefe processed by computer 
on t h e  b a s i s  of  t h e  algorithms given i n  t h e  second s e c t i o n  o f  t h i s  chapter.  In  
t h i s  i n s t a n c e  t h e  quant izat ion i n t e r v a l  f o r  ground measurement was A t  = 12  s e c ,  
and f o r  a i rcraf t  measurements, depending on t h e  na tu re  of v a r i a t i o n  i n  t h e  
q u a n t i t y  s tud ied ,  A t  = 0.5, 1, 2 sec.  A s p a t i a l  quan t i za t ion  i n t e r v a l  A x e  
35, 70, 140 m corresponds t o  t h e  latter. 

For t h e  purpose of q u a n t i t a t i v e  est imat ion of e r r o r s  i n  t h e  s t a t i s t i c a l  
c h a r a c t e r i s t i c s  obtained t h e  d i spe r s ion  and root  mean square dev ia t ion  and t h e  

/23 
v a r i a t i o n  c o e f f i c i e n t s  of t h e  l a t te r  were determined, and f o r  mathematical 
expectat ion a l s o  the  confidence i n t e r v a l s ,  e f f ec t iveness  index, e f f e c t i v e  number 
of measurements, and optimum quan t i za t ion  i n t e r v a l  [17]. 

2
A s  i s  known [18,I9] ,  mean d i spe r s ion  u -

5 
i s  determined by t h e  expression 

(1.21) 

where N i s  t h e  number of  consecutive readouts i n  ca l cu la t ion  of mathematical 
expectat ion (See formula (1 .1) ) .  The normalized au tocor re l a t ion  funct ion i n  
c a l c u l a t i o n s  based on formula (1.21) i s  approximated by a funct ion of t h e  form 
r(kAt)=,akAt. 

, / ,Thed i spe r s ion  range of roo t  
f l d e s  and t h e  presence of clouds 
averaging s c a l e  t o r  x f o r  ground 

mean square deviat ions uc  f o r  mean r a d i a t i o n  
a t  t h e  zeni th  i s  p l o t t e d  i n  Figure 1 aga ins t  
and a i r c r a f t  measurements. 

I \\ a b 

c: 

Figure 1. Root Mean Square Deviations o f  Mean Total  Radiation Flux ( ) and 
Mean Cloud Coverage of Zenith ( ) Versus a, Time Averaging Scale  
( t  min), b ,  S p a t i a l  Averaging Scale  (x, km). 

In t h e  first approximation, if t h e  d i s t r i b u t i o n  of deviat ions of mathematical 
expectat ion estimation from t h e  t r u e  normal expectation i s  considered, t h e  con
f idence i n t e r v a l s  with p r o b a b i l i t y  P of mathematical expectat ion f a l l i n g  within 
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a given i n t e r v a l  [ - A 5  (P) ,+a6 (P ) ]  a r e  ca lcu la ted  by t h e  formula 

AT( P )  =UT arg erf_P, (1.22) 

where a r g  arf  i s  t h e  va lue  of t h e  p r o b a b i l i t y  i n t e g r a l  argument a t  which t h e  
p r o b a b i l i t y  equals P .  A confidence i n t e r v a l  of p robab i l i t y  P = 0.68 corresponds 
t o  i n t e r v a l  A-(0.68)=cr-, and for p r o b a b i l i t y  0.90, 0.95, and 0.99 a r g . e r f  P 
assumes t h e  v h u e s  resEect ive ly  of 1.643, 1.960, and 2.576. 

i . 

The mathematical expectat ion es t imat ion  i s  t h e  more accura te ,  t h e  smaller 
i s  i t s  d ispers ion  r e l a t i v e  t o  t h e  mean. We employ t h e  coe f f i c i en t  o f  v a r i a t i o n  
( r e l a t i v e  roo t  mean square e r r o r ) .  

I 

(1.23) 

as t h e  measure of d ispers ion .  The d ispers ion  range of  t h e  coe f f i c i en t  of  
v a r i a t i o n  i s  p l o t t e d  aga ins t  t h e  averaging scale i n  Figure 2. 

% I3

i, \  

a b 

Figure 2 .  Coef f i c i en t s  of  Var ia t ion  of Tota l  Radiation ( ) and Cloud Coverage 
of Zeni th  ( ) Versus a ,  Time Averaging Scale  (p,  min), S p a t i a l  Averaging 
Sca le  (x, km). 

As may be seen from formula (1 .23) ,  t h e  coe f f i c i en t  o f  v a r i a t i o n  depends / 2 5  
on t h e  l eve l  of f l u c t u a t i o n  r e l a t i v e  t o  t h e  mean as well  as  on t h e  averaging. -
Hence f o r  t h e  purpose o f  q u a n t i t a t i v e  est imat ion of t h e  inf luence  of  averaging 
on t h e  accuracy of r e s u l t s  use  has been made of t h e  e f f ec t iveness  index 

which i n d i c a t e s  t h e  share  represented  by mean d ispers ion  i n  t h e  d ispers ion  of a 
non- averaged random ^funct ion .  The r ec ip roca l ,  N e = l / K e ,  is  the e f f ec t ive  number o f  

measurements i nd ica t ing  how many indiv idua l  independent measurements must be per
formed i n  order  t o  achieve t h e  same accuracy a s  when t h e  mean a r i thme t i c  method of 
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t reatment  based on formula (1.1) i s  employed. The range of v a r i a t i o n  o f  
e f f ec t iveness  index K with a s c a l e  of e f f ec t ive  number of  measurements N i se e 
shown i n  Figure 3 p l o t t e d  aga ins t  t h e  averaging scale. 

a b 

Figure 3 .  Effec t iveness  Index K With Sca le  of  E f fec t ive  Number of Measurements e 
N o f  Mean Tota l  Radiation Flux ( ) and Mean Cloud Coverage of  Zenith e 
( - - . )  Versus a ,  Time Averaging Scale  (t,min) b, S p a t i a l  Averaging Sca le ,  
(x km). 

As we know [18], with small  averaging s c a l e s  t h e  e f f ec t iveness  of mean 
es t imat ion  depends on i n t e r v a l  A between d i s c r e t e  readings.  Hence i n  conducting 
mass measurements it i s  advisable  a l s o  t o  determine t h e  optimum i n t e r v a l  A 

OPt 
f u r t h e r  decrease i n  which leads t o  no appreciable  inc rease  i n  mean accuracy. The 
optimum i n t e r v a l  i s  determined i n  approximation from t h e  equation [18] /26 

In  measurements of t h e  mean t o t a l  r a d i a t i o n  f l u x  t h e  optimum i n t e r v a l  between 
readings ranges from 0 . 5  t o  20 min o r  0.4-7 km, and i n  measurement of t h e  mean 
va lues  of  i n t e n s i t y  f o r  cloud coverage of  t h e  d i r e c t i o n  o f  s i g h t i n g  from 1 t o  3 
min o r  from 0.5 t o  1 km f o r  grourid and a i r c r a f t  measurements r e spec t ive ly .  

A s  i s  demonstrated by Figures 1-3, i n  measurements of  r a d i a t i o n  f luxes  and 
i n t e n s i t i e s - a n d  with clouds present  a t  t h e  zen i th ,  averaging over a range o f  no 
less than 40 minutes i n  ground measurements o r  no l e s s  than 80 km i n  a i r c r a f t  
measurements i s  requi red  i n  order  t o  achieve s u b s t a n t i a l  i nc rease  i n  t h e  accuracy 
of  t h e i r  mean value.  The same accuracy can be achieved by 5-10 independent ver
t i ca l  atmosphere probes ( see  Figure 3 ) ,  i n  which case independence i s  defined as 
absence of c o r r e l a t i o n  o f  t h e  c h a r a c t e r i s t i c s  i nves t iga t ed  f o r  ind iv idua l  probes 

S p a t i a l  and temporal averaging .or averaging by independent measurements makes 
it poss ib l e  t o  reduce t h e  mean d ispers ion  by an o rde r  o f  magnitude ( the  roo t  
mean square devia t ion  of  t h e  mean is  reduced by a f a c t o r  of  3-4)  i n  comparison t o  
t h e  instantaneous values  (1 .3) .  Considerable enlargement of  t h e  averaging s c a l e  
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i s  required f o r  f u r t h e r  s u b s t a n t i a l  i nc rease  i n  t h e  mean accuracy. This i s  
v i r t u a l l y  impossible on t h e  b a s i s  of  a s i n g l e  measurement, s i n c e  cloud f i e l d s  
of an extent  s u f f i c i e n t  f o r  t h e s e  purposes a r e  very r a r e l y  encountered under 
n a t u r a l  condi t ions.  This i n d i c a t e s  a need f o r  r ev i s ing  t h e  approach toward 
experimental measurements of t h e  c h a r a c t e r i s t i c s  of  clouds and r a d i a t i o n  i n  t h e  
atmosphere, and a l so  t o  r e v i s e  t h e  goals  s e t  i n  advance of  t h e  experiment. For 
example, t h e  r e p r e s e n t a t i v e  i n t e n s i t y  and f l u x  d a t a  employed i n  t h e o r e t i c a l  
operat ions within t h e  framework of t h e  de t e rmin i s t i c  t r a n s f e r  theory can be ob
t a ined  by way of  experiment only i n  t h e  form of mean values .  In t h e  majori ty  of 
cases an accuracy which i n  e f f e c t  can be achieved by averaging over a l a r g e  number 
of measurements ( f i e l d s )  i s  required f o r  adjustment of  t h e  t r a n s f e r  theory t o  / 2 7  
experiments. As a r e s u l t ,  t h e  minute d e t a i l s  of  r a d i a t i o n  f i e l d s  a sce r t a ined  
from t h e  t r a n s f e r  theory cannot be confirmed q u a n t i t a t i v e l y  by f u l l - s c a l e  measure
ment. 

Determination of t h e  accuracy of es t imat ion of d i spe r s ion  (1.2) r equ i r e s  
knowledge of  t h e  c o r r e l a t i o n  funct ion o f  the  square of t h e  random process [18],
which funct ion i s  f u l l y  defined by c o r r e l a t i o n  funct ion (1.3) only i n  t h e  case o f  
a normal (Gaussian) random process .  In view of  t h e  foregoing, d i spe r s ion  

of estimated d i spe r s ion  u2 

i t s  r e l a t i v e  e r r o r  ( v a r i a t i o n  c o e f f i c i e n t )  

ap3 t h e  d i spe r s ion  of  t h e  c o r r e l a t i o n  funct ion 

i n  which 

+ r [  ( i+k)At]r[  ( i - - k ) d l j )  

i s  t h e  d i spe r s ion  of the  non-normalized c o r r e l a t i o n  funct ion,  

(1.24) 

(1.25) 

(1.26) 

(1.27) 

have been ca l cu la t ed  
on t h e  b a s i s  of  the  assumption t h a t  t h e  s t a t i o n a r y  random processes inves t iga t ed  
a r e  normal. 

The range of v a r i a t i o n  of d i spe r s ions  u2, t h e i r  d i spe r s ions  u:2, and t h e  

range of v a r i a t i o n  c o e f f i c i e n t  Va2 �or t h e  t o t a l  r a d i a t i o n  f l u x  and coverage of  

t h e  zen i th  with clouds o s  i n t e n s i t y  f o r  ground and a i r c r a f t  measurements a r e  
presented  i n  Tables 1 and 2 .  Figure 4 shows t y p i c a l  c o r r e l a t i o n  funct ions r(kAt),  /28
t h e i r  roo t  mean square dev ia t ions  ur' and v a r i a t i o n  c o e f f i c i e n t s  Vr=ar(kAt)/r(kAt).. 
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As was t o  be expected, t h e  d i spe r s ion  and t h e  c o r r e l a t i o n  funct ion as second fac
t o r s  a r e  determined with much less accuracy than t h e  mathematical expectat ion.  In /29
i nd iv idua l  cases t h e  d i spe r s ion  e r r o r  exceeds 100 pe rcen t ,  t h i s  c l e a r l y  i n d i c a t i n g  
t h a t  the  measurement length i s  inadequate. With t h e  normalized c o r r e l a t i o n  
funct ions determined a t  r ( k A t ) < O .  1, t h e  e r r o r  i s  more than 100 pe rcen t .  

TABLE 1. VARIABILITY OF DISPERSION I N  GROUND MEASUREMENTS. 

1 M (min)l
I 

U2 'I UZ*? 'UZ \I v1j2 
- .  -.. __

60 3.14 10-3 2.46 10-7 4.96 10-4 0.!6 
120 3.07 10-3 1.16 3.41 10-4 0.11 

60 0.098 8.45 10-3 9.19 10-2 0.94 
120 0.093 3.84 10-3 G.20 I O  -2 0.67 
I80 0.091 2.45 10-3 4.95 1 0 - 2  0.54 

60 0.092 1.87 10-4 1.37 0.15 
I20 0.091 9.06 10-5 9.50 10-3 0.10 
I80 0.090 6.05 10-5 7.80 10-3 $0.09 

n(0) 60 0.285 1.05 10-2 1.05 IO-' 0.37 
120 0.267 4.65 10-3 6.82 10-2 0.26 
180 0.262 3.02 10-3 5.50 IO-* 0.2 I 

4' I80 3.05 IO- 7.69 10-8 2.77 10-4 0.09 

TABLE 2 .  V A R I A B I L I T Y  OF DISPERSION I N  AIRCRAFT MEASUREMENTS. 
I I I I I 

I __ . .- .. . . 

50 7.87. 10-3 6.26 10-3 7.91 10-2 0.21 
I 0 0  7.70 IO-, +04 10-3 5.51 0.15 
150 7.65 10-3 1.99 10-3 4.46 0.12 
200 7.61 10-3 1.49 3.86 0.11

Q 50 7.48 10-3 1.99 10-3 4.46 0.12 
100 6.92 10-3 8.74 IO-' 2.75 10-2 0.09 
150 6.75 10-5 5.54 10-4 2.35 lo-* 0.07 
200 6.65 10-3 4.06 1 0 - 4  2.01 10-2 0.06 

50 0.247 1.86 10-3 4.30 10 - 2  0.174 
100 0.244 9.10 IO-' 302 0.124 
150 0.242 6.0310-4 2 4 6  10-2 0.102 

N o )  200 0.242 4.50 10-4 2 12 10-2 0.088 
50 0. I42 3.24 IO-' 1.80 10-2 0. I27 

100 0.141 1.60 10-4 1.26 0.089 
150 0.141 1.06 IO-' 1.03 10-2 0.073 
200 0.140 7.90 10-3 8.89 1 0 - 3  0.063 

S t r u c t u r a l  funct ions,  as well as s l i d i n g  mean mathematical expectat ions and 
d i spe r s ions ,  were u t i l i z e d  t o  es t imate  the  s t a t i o n a r y  n a t u r e  of  t h e  random pro
cesses  inves t iga t ed .  For.. s t a t i o n a r y  random processes DE (-) =202 t h e  c o r r e l a t i o n  /30

funct ion as well  may be expressed by means of  s t r u c t u r a l  funct ion 

(1.28) 
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Figure 4.  Correlat ion Functions r With Root Mean Square Deviations ur and Vari
a t i o n  Coef f i c i en t s  Vr f o r  To ta l  Radiation Flux (a ,c)  and Cloud Coverage of  Zenith 

(b,d) ; a r b r  Ground Measurements; c ,d ,  A i r c r a f t  Measurements. 

U t i l i z a t i o n  o f  t h e  s t r u c t u r a l  funct ion i s  always more dependable, inasmuch 
as- t h e  value of  DS(kAt) i s  not a f f ec t ed  by e r r o r  i n  determination of mean value 
E t ,  which was not  taken i n t o  account i n  formulas (1.24-1.27) i n  estimation o f  t h e  
accuracy of d i spe r s ion  and c o r r e l a t i o n  funct ions.  A constant  s t r u c t u r a l  funct ion 
with la rge  values of argument k A t - i s  an i n d i c a t o r  of a s t a t i o n a r y  s t a t e .  

In order  t o  inc rease  t h e  e f f ec t iveness  of es t imat ion of the  s p e c t r a l  dens i ty ,  /31
t h e  c o r r e l a t i o n  funct ion i s  f i l t e r e d  by t h e  B a r t l e t t  method (see (1.6)) before  
the  Fourier  transformation i s  performed. 

The accuracy of evaluat ion of  s p e c t r a l  dens i ty  i s  a f f ec t ed  by the  d i s c r e t e  
n a t u r e  of  t h e  random funct ion,  as w e l l  as by t h e  durat ion of  measurement. Since 
t h e  time of measurement i s  f i n i t e ,  t h e  s p e c t r a l  dens i ty  i s  d i s c r e t e .  A t  t h e  same 
time, t h e  s p e c t r a l  dens i ty  values  a r e  general ly  too low. Since f i x a t i o n  o f  t h e  
random process i s  d i s c r e t e ,  t h e  values  obtained i n  es t imat ion of  spec t ra l .  dens i ty  
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are too  high as a r e s u l t  of r e d i s t r i b u t i o n  o f  t h e  s p e c t r a l  dens i ty  o f  t h e  h igher  
f requencies  over t h e  est imated s p e c t r a l  d e n s i t i e s  o f  t h e  lower f requencies .  

0 t 2 1 
Figure 5. Spec t ra l  C h a r a c t e r i s t i c s  H(f) of  F i l t e r s :  1, According t o  Formula 
(1.29) (A=12 s e c ) ;  2 ,  f o r  Thermoelectric Actinometer i r l  Se t  with KBT E lec t ron ic  
Potentiometer;  3,  f o r  Thermoelectric Pyranometer i n  Se t  with KBT E lec t ron ic  
Potentiometer;  4 ,  f o r  Narrow-angle Longwave Radiat ion Receiver i n  Se t  with F-18 
Amplifier and EPP-09 E lec t ron ic  Potentiometer;  5 ,  f o r  Thermoelectric Pyranometer 
i n  Se t  With POB-14 Osci l lograph.  

I f  t h e  c o r r e l a t i o n  func t ion  does not  depend on displacement o f  t h e  reading 
po in t s  i n  measurement wi th in  t h e  l i m i t s  of f i x a t i o n  frequency A t  ( t h e  i n t e r v a l  
between adjacent  readouts  i s  s u f f i c i e n t l y  smal l ) ,  t h e  s p e c t r a l  dens i ty  of  t h e  
continuous funct ion i s  obtained by mult iplying s p e c t r a l  dens i ty  (1 .7)  a r r ived  
a t  through d i s c r e t i z a t i o n  by f i l t e r  funct ion [20, 211 

(1.29) 

As may be seen from Figure 5, d i s c r e t e  f i x a t i o n  o f  t h e  process  i n  t h e  fre
quency s e c t o r  t o  be determined g r e a t l y  increases  t h e  value o f  t h e  s p e c t r a l  dens i ty ,  
t h e  value being t h e  g r e a t e r ,  t h e  higher  i s  t h e  frequency. 

The minimum frequency f o r  which it  i s  reasonable  t o  determine t h e  spectrum 
equals  umin=2r/MAt, where M A t  i s  t h e  time i n t e r v a l  of  determinat ion o f  t h e  cor re

l a t i o n  func t ion ,  while t h e  maximum frequency according t o  t h e  Kotel 'nikov 
theorem equals w m a x = n / A t  [18, 191. Thus t h e  dura t ion  o f  measurement and t h e  

reading frequency impose l i m i t s  on t h e  frequency range wi th in  which t h e  s p e c t r a l  
dens i ty  evaluat ion i s  made. A t  t h e  same time, t h e  eva lua t ion  of t h e  s p e c t r a l  
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dens i ty  of t h e  h igher  frequencies i s  considerably ove r s t a t ed .  On the  b a s i s  of 
measurement d a t a  t h e  s p e c t r a l  dens i ty  i s  determined within t h e  frequency range 
from 6r/MAt t o  r/2.5At.  

In  numerical p rocess ing  of  t h e  r e s u l t s  of  experimental s t u d i e s  one cannot 
dispense with quan t i za t ion  by l e v e l s  as determined by t h e  accuracy of  reading 
of t h e  o rd ina te s  of  t h e  random process.  In accordance with reference [22]  ( t h e  
random process under considerat ion being assumed t o  be normal), t h e  d i spe r s ion  
of quant izat ion no i se  i s  defined as 0 & ~ = 6 ~ / 1 2 ,where 6 i s  t h e  quan t i za t ion  i n t e r - /32 
Val by l e v e l s ,  o r  0 ~ ~ = ( 6 / o ) ~ ,(I i s  t h e  r o o t  mean square dev ia t ion  f o r  t h eand 

random funct ion.  In  t h e  processing of automatic recording instrument tapes  t h e r e  
i s  v i r t u a l l y  no c o r r e l a t i o n  of quant izat ion no i se  with a random process .  As a 
r e s u l t ,  t h e  d i spe r s ion  of t h e  random process i s  ove r s t a t ed  by t h e  value of d i s 
pers ion of  t h e  quan t i za t ion  noise .  In t h e  s p e c t r a l  dens i ty  t h e  quan t i za t ion  
no i se  i s  d i s t r i b u t e d  over  t h e  frequency and inc reases  it. In view of  t h e  fact  
t h a t  p r e c i s e  recording of quan t i za t ion  no i se  i s  d i f f i c u l t  because t h e  processes 
being inves t iga t ed  ‘may not always be assumed t o  be normal, and t h e  d i s t r i b u t i o n  
of t h e  no i se  i n  t h e  s p e c t r a l  dens i ty  by frequencies i s  unknown, i n  experimental 
measurements i t  is  necessary t o  make c e r t a i n  t h a t  t h e i r  value i s  considerably 
smaller  than the  e r r o r s  depending on t h e  na tu re  of t h e  random processes .  In our 
s t u d i e s  t h e  quan t i za t ion  no i se  represented less than 0 .5 .pe rcen t  of t h e  d i spe r s ion  
of t h e  random process .  

The d i s t o r t i o n  occasioned by the a r r ay  of  measuring equipment i s  determined 
c h i e f l y  by t h e  i n e r t i a  of t h e  r a d i a t i o n  r ece ive r s  and t h e  recording system. The 
random process measurements a r e  accordingly smoothed o u t ,  with t h e  r e s u l t  t h a t  
d i spe r s ion  i s  reduced, c o r r e l a t i o n  i s  improved, and t h e  s p e c t r a l  dens i ty  values  
a r e  correspondingly reduced. I n e r t i a l  measuring equipment may be considered t o  
be_a  high-frequency f i l t e r  [22,23]. Figure 5 i l l u s t r a t e s  the-frequency 
c k a r a c t e r i h t i c s  of  t h e  equipment fo r  s p e c t r a l  d e n s i t i e s .  demonstrating how 
t h e  s p e c t r a l  dens i ty  i s  a t t enua ted  as a funct ion of frequency owing t o  t h e  
i n e r t i a  o f , t h e  equipment. 

Once t h e  frequency c h a r a c t e r i s t i c  of the  f i l t e r  i s  known, a co r rec t ion  may 
be made i n  the  spectrum ca lcu la t ed  on t h e  b a s i s  of t h e  experimental d a t a  and an 
evaluat ion may be made i n  the  spectrum ca lcu la t ed  on t h e  b a s i s  of t h e  experimen
t a l  d a t a  and an evaluat ion may be made of t h e  t r u e  spectrum, d i spe r s ion ,  and 
c o r r e l a t i o n  funct ion obtained as a r e s u l t  of ana lys i s  of t h e  d a t a  of observations 
based on an i d e a l  i n e r t i a l e s s  instrument.  

I t  follows from t h e  foregoing t h a t  determination of t h e  s t a t i s t i c a l  parame
t e r s  of r a d i a t i o n  and cloud f i e l d s  by way of experiment e n t a i l s  considerable  
e r r o r s .  In add i t ion ,  i nc rease  i n  t h e  accuracy of  t h e i r  determination within t h e  
l i m i t s  of one concrete  measurement i s  l imi t ed  by t h e  s c a l e s  of t h e  cloud f o r 
mations. Hence f u r t h e r  i nc rease  i n  t h e  accuracy of  evaluat ion o f  s t a t i s t i c a l  /33
parameters can be achieved only by averaging t h e  ind iv idua l  measurements obtained 
under i d e n t i c a l  meteorological condi t ions . Hence s t a t  i st i c a l  c h a r a c t e r i s t i c s  
based on average measurements are v i r t u a l l y  t h e  only ones employed i n  t h e o r e t i c a l  
ana lys i s  of  the  s t r u c t u r e  of cloud and r a d i a t i o n  f i e l d s  and t h e i r  r e l a t i o n s h i p s .  
We now have a v a i l a b l e  t o  us 441 measurements s u i t a b l e  f o r  ana lys i s ,  314 of  which 
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are based on cumulus clouds, and t h e  remainder on clouds of var ious  kinds,  ch ie f ly  
those  of  t h e  lower t i e r .  .The r e s u l t s  of 203 measurements (149 based on cumulus 
clouds) were f u l l y  processed and u t i l i z e d  i n  t h e  p re sen t  p r o j e c t .  

Sect ion 4.  Linear Conversions of S t a t i s t i c a l  Charac t e r i s t i c s  of Cloud and-
-Radiat ion F ie lds ,  

In  s tudy  of  cloud and r a d i a t i o n  s t r u c t u r e  use i s  o f t e n  made of  one o r  another  
type o f  l i n e a r  f i l t r a t i o n ,  both d e l i b e r a t e l y  and . d i r e c t l y  i n  measurement o r  i n  
t h e  processing of  experimental d a t a  ( see  preceding s e c t i o n ) ,  and consciously i n  
i n t e r p r e t a t i o n  of t h e  d a t a ,  i . e . ,  i n  search f o r  r e l a t i o n s h i p s  between t h e  s ta
t i s t i c s  of  random funct ions  r e l a t e d  by a l i n e a r  opera tor .  

Various parameters have been employed i n  atmospheric physics  t o  desc r ibe  
both r a d i a t i o n  p rope r t i e s  and cloudiness  condi t ions.  

The b a s i c  r ad ia t ion  i n t e n s i t y ,  by which r a d i a t i o n  f luxes ,  i . e . ,  t h e  sphe r i ca l  
f l u x  dens i ty  and t h e  f l u x  through a u n i t  of a r ea ,  are determined. The amount 
of  clouds over t h e  sky and coverage i n  ind iv idua l  d i r e c t i o n s  a r e  u t i l i z e d  as 
cloudiness  parameters. In  s tudy  of t h e  s t a t i s t i c a l  s t r u c t u r e  of r a d i a t i o n  and 
cloud f i e l d s  establishment of  t h e  r e l a t i o n s h i p s  among t h e  var ious  parameters both 
o f  t h e  r a d i a t i o n  f i e l d s  and o f  c loudiness  represents  an independent problem. The 
s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  parameters i n t eg ra t ed  on t h e  b a s i s  of t h e  
hemisphere, ones such as t h e  amount of clouds,  t h e  dens i ty  o f  t h e  r a d i a t i o n  f l u x ,  
etc.  depend on t h e  a l t i t u d e  of  t h e  clouds, o r  i n  t h e  general  case t h e  d i s t ance  t o  
them, s i n c e  t h e  a rea  of  a cloud formation covered by t h e  averaging f i e l d  i s  de- - ./34 

termined by t h e  a l t i t u d e  o f  t h e  clouds.  Hence i n  ana lys i s  of t h e  s t r u c t u r e  o f  
cloud and r a d i a t i o n  f i e l d s  it i s  absolu te ly  necessary t o  make a d iv i s ion  between 
t h e  r e l a t ionsh ips  determined by t h e  s t r u c t u r e  i t s e l f  o f  t h e s e  f i e l d s  and by t h e i r  
t ransformation.  

In  t h e  so lu t ion  of many problems it i s  necessary t o  know t h e  s ta t i s t ica l  
c h a r a c t e r i s t i c s  o f  cloud and r a d i a t i o n  f i e l d s  averaged over c e r t a i n  time i n t e r v a l s  
o r  over  space,  along with t h e  s t a t i s t i c a l  r e l a t i o n s h i p s  among t h e  var ious para
meters. 

The r e l a t i o n s h i p  between r a d i a t i o n  and cloudiness  parameters i s  a l i n e a r  o r  
nea r ly  l i n e a r  one. The r a d i a t i o n  and cloud parameters assoc ia ted  with averaging 
over time o r  space a r e  a l s o  l i n e a r .  

Let us now consider  t h e  r e l a t i o n s h i p s  among d i spe r s ions ,  c o r r e l a t i o n  func t ions ,  
and s p e c t r a l  d e n s i t i e s  i n  t h e  case of  l i n e a r  t ransformation o f  random funct ions .  

Two approaches, equal ly  v a l i d  and c lose ly  r e l a t e d  t o  each o the r ,  may be 
appl ied t o  so lve  t h e  problems assigned. 

F i r s t  o f  a l l ,  t h e  r e l a t i o n s h i p s  among t h e  d ispers ions  and c o r r e l a t i o n  func
t i o n s  of t he  parameters are ca l cu la t ed  on t h e  b a s i s  of t h e  r e l a t ionsh ips  between 
t h e  parameters i n  which allowance i s  made f o r  t h e  d i s t ance  t o  t h e  cloud cover.  The 
s p e c t r a l  dens i ty  i s  found from t h e  co r re l a t ion  func t ion  by means of t h e  Four ie r  
t r a n s  f o m .  
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Secondly, t h e  f i l t e r  funct ions determining t h e  r e l a t i o n s h i p s  among t h e  
s p e c t r a l  d e n s i t i e s  a r e  ca l cu la t ed  on t h e  b a s i s  of t h e  r e l a t i o n s h i p s  among t h e  
parameters, after which the  r e l a t i o n s h i p s  among t h e  d i spe r s ions  and c o r r e l a t i o n  
funct ions a r e  found by means of  t h e  inve r se  Fourier transform o f  t h e  f i l t e r e d  
spectrum. In t h e  so lu t ion  of concrete problems t h e  method is s e l e c t e d  which 
makes it poss ib l e  t o  ob ta in  r e s u l t s  by t h e  s implest  means. 

Let us consider l i n e a r  conversions i n  g r e a t e r  d e t a i l .  

The l i n e a r  operators  employed by us may be represented i n  t h e  form 

* ( t )  = / u ( t ,  tl)t(ti)dtl, (1.30)P 


where E(t)  i s  t h e  random funct ion t o  which t h e  l i n e a r  operator  i n  quest ion i s  
appl ied,  u ( t , t l )  i s  t h e  assigned weighting funct ion,  t h e  form of which determines 

t h e  p rope r t i e s  of the  ope ra to r s ,  and i s  t h e  i n t e g r a t i o n  region,  i . e . ,  t h e  re
gion within which weighting funct ion u ( t , t l )  d i f f e r s  from zero,  and $(t) i s  t h e  /35 
l i n e a r l y  transformed random funct ion.  

The p r o b a b i l i t y  c h a r a c t e r i s t i c s  of funct ion $ ( t )  a r e  obtained very simply 
within t h e  framework of t h e  c o r r e l a t i o n  theory ~[19,23-25]. 

On the  one hand, we ob ta in  t h e  mathematical expectat ion by applying t h e  
l i n e a r  operator  t o  t h e  mathematical expectat ion of  t h e  i n i t i a l  function 

-
q ( t ) = p ( ’ .  r,)f(tl)dtl=E(t) 0/ u ( t .  t4)dtl. (1.31) 

The dispers ion and t h e  c o r r e l a t i o n  funct ion of the  l i n e a r l y  transformed random 
process are obtained by applying t h e  l i n e a r  operator  twice t o  the  c o r r e l a t i o n  
function of t h e  i n i t i a l  random process 

f* (ti, t z )  =// u (tr. i ’ )  u ( tz.  1”) rt (t’, .t”)dt’ df”, (1.32)
0 

and t h e  s p e c t r a l  dens i ty  f o r  random funct ion $ ( t )  by Fourier  transformation of 
c o r r e l a t i o n  funct ion r

JI ’  
On the other  hand, by employing t h e  con t r ac t ion  theorem 

[19,26] and t h e  d e f i n i t i o n  of s p e c t r a l  dens i ty  one can c a l c u l a t e  t h e  c h a r a c t e r i s 
t i c s  of f i l t e r s  r e f l e c t i n g  t h e  r e l a t i o n s h i p s  between the s p e c t r a l  d e n s i t i e s  of 
funct ion S ( t )  and $ ( t )  

so (0)=d ( 0 )SE (0)I 

(1.33) 

where 
(1.34) 

and Q ( w ) i s  the-Fourier transform of weighted funct ion u ( t )  normalized a t  w =O 
zero,  i . e . ,  @(O) =l.  Function H(w) is termed t h e  f i l t e r  frequency c h a r a c t e r i s 
t i c .  Correlat ion function rJI ( t )  i s  ca l cu la t ed  by means of  t h e  inverse Fourier  

transform of s p e c t r a l  dens i ty  SJI ( w ) .  
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I t  i s  t o  be noted t h a t  forced  smoothing of a random process  such as f i l t r a 
t i o n  due t o  t h e  i n e r t i a  o f  t h e  d e t e c t i o n  and recording system ( see  end of  pre
ceding sec t ion )  can be e l imina ted  only by means of r eve r se  f i l t r a t i o n  of t h e  
s p e c t r a l  dens i ty :  

(1.35) 

In  t h i s  i n s t ance  t h e  maximum frequency of r e s to red  s p e c t r a l  dens i ty  i s  determined /36-
by t h e  no i se  l eve l  r e l a t i v e  t o  spectrum S (w). The t r u e  d i spe r s ions  and corre-

J, 
l a t i o n  funct ions,  as with d i r e c t  f i l t r a t i o n ,  are obtained by means of t h e  inverse  
Four ie r  transform. 

Formulas (1.30) - (1.35) given i n  t h e  foregoing apply t o  one-dimensional 
random funct ions .  In  r e a l i t y  t h e  r a d i a t i o n  and cloud f i e l d s  o f  t h e  Ea r th ' s  
atmosphere are multidimensional random space-time func t ions  (random f i e l d s ) .  

The concept of  random f i e l d  i s  analogous t o  t h e  concept of random funct ion.  
As i n  formulas (1.30) (1.35) t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  random 
f i e l d  are a l s o  converted under t h e  inf luence  of t h e  l i n e a r  opera tor .  For random 
f i e l d s  t h e  c o r r e l a t i o n  func t ion ,  t h e  weighting funct ion,  t h e  s p e c t r a l  dens i ty ,  
and t h e  i n t e g r a t i o n  region i n  formulas (1.30) '(1.34) are replaced by t h e  cor
responding multidimensional c h a r a c t e r i s t i c s  [ 2 ]  . To e s t a b l i s h  a r e l a t i o n s h i p  
between t h e  space and t h e  time s t r u c t u r e  of t h e  cloud cover and t h e  r a d i a t i o n  
we employ t h e  hypothesis  o f  "freezing" advanced by J .  Taylor  f o r  turbulence [2] ; 
according t o  t h i s  hypothesis ,  t h e  space p i c t u r e  of a random f i e l d  moves a t  t h e  
average wind v e l o c i t y  and does n o t  vary i n  time. 

Since experimental  s t u d i e s  o f  random f i e l d s  have been conducted c h i e f l y  with 4 

cross-sec t ions ,  i n  analyzing t h e  r e l a t i o n s h i p s  among s t a t i s t i ca l  c h a r a c t e r i s t i c s  I 

one must necessa r i ly  assume t h a t  t h e  l a t t e r  a r e  , i so t rop ic .  I t  i s  t o  be noted 
t h a t  c ross -sec t iona l  measurements of a random f i e l d  y i e l d  a random funct ion with 
one v a r i a b l e ,  which i s  descr ibed by formulas (1.30) (1 .34) .  If i n  t h e  f i l 
t r a t i o n  of s p e c t r a l  d e n s i t i e s  (1.33) t h e  weighting funct ion and t h e  f i l t e r  a r e  
two-dimensional, f i l t e r e d  s p e c t r a l  dens i ty  S

25 
( w )  must accordingly be two

-dimensional as well. The l a t t e r  i s  obtained by means of  t h e  two-dimensional 
t ransform of t h e  c o r r e l a t i o n  func t ion ,  which i n  the  i s o t r o p i c  case amounts t o  -t h e  Hank e1 t r a n s  form /37 

t m  

(1.36) 

where u = d u  2+u , 1 = d F ,and Jo i s  t h e  zeroth order  Bessel func t ion .  The 
X Y 

c ross -sec t iona l  one-dimensional s p e c t r a l  dens i ty  i s  obtained a f t e r  l i n e a r  t r ans 
formation of  t h e  random f i e l d ,  by i n t e g r a t i o n  of t h e  two-dimensional s p e c t r a l  
dens i ty  over one frequency component [2,27] : 
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(1.37) 

-Sect ion 5. Nonlinear Relationships Between Random. Cloud and Radiation F ie lds  i. 
.- . . . . . .  

A s  we know, r a d i a t i o n  i n t e r a c t i n g  with t h e  r e a l  atmosphere, s c a t t e r e d  ra
d i a t i o n ,  and t h e  p r o p e r t i e s  of  the  atmosphere are r e l a t e d  by an i n t e g r a l -
- d i f f e r e n t i a l  r a d i a t i v e  t r a n s f e r  equation. I t  i s  t o  be seen from t h e  t r a n s f e r  
equation o r  approximation formulas t h a t  t h e  l i g h t  condi t ions i n  a l i g h t - d i s p e r s i n g  
and absorbing medium i s  connected by a nonl inear  r e l a t i o n s h i p  t o  t h e  parameters 
of t h e  medi'm c u r r e n t l y  employed, t h e  s c a t t e r i n g  and absorption c o e f f i c i e n t ,  t h e  
form of t h e  i n d i c a t r i c e s ,  and the  o p t i c a l  thickness .  Thus i n  ana lys i s  of t h e  
r e l a t i o n s h i p s  between t h e  s t a t i s t i ca l  parameters o f  t h e  atmosphere ( the  cloud 
cover i n  t h e  first approximation) and r a d i a t i o n  f i e l d s  one cannot dispense with 
nonl inear  transformations of random f i e l d s  ( func t ions ) .  I t  must be noted t h a t  
nonl inear  transformations are much more complex than a r e  t h e  l i n e a r  ones d i s 
cussed i n  t h e  preceding s e c t i o n .  I t  i s  not  enough f o r  nonl inear  transformations: 
t o  have knowledge only of  the  first two f a c t o r s  of  t h e  random funct ion.  A t  t h e  
same time, c a l c u l a t i o n  of  the  higher  f a c t o r s  on t h e  b a s i s  of  experimental d a t a  
involves g r e a t  d i f f i c u l t i e s  because of  t h e  i n s u f f i c i e n t  accuracy of t h e  experiment 
(see s e c t i o n  3 ) .  However, nonl inear  t ransformations can be s u b s t a n t i a l l y  s i m 
p l i f i e d  i f  t h e  i n i t i a l  random process may be considered t o  be normal. The 
p o s s i b i l i t i e s  of modeling cloud and r a d i a t i o n  f i e l d s  by means of normal random 

/38 
processes w i l l  be analyzed i n  the  next s e c t i o n .  

O f  t h e  nonl inear  transformations of random processes use i s  made i n  t h e  
present  study of the  s implest  one, i . e . ,  a t ransformatjon i n  which output:  
fuhct ion $ ( t )  i s  a t  any given i n s t a n t  determined only by f i l t e r e d  funct ion c ( t )  
a t  the  same i n s t a n t .  Such transformations a r e  usua l ly  termed i n e r t i a l e s s  t r a n s 
formations i n  s t a t i s t i c a l  r ad io  engineering [23]. 

Let us now proceed t o  more d e t a i l e d  examination of t h e  i n e r t i a l e s s  nonl inear  
transformations employed. 

P r o b a b i l i t y  d e n s i t i e s  a r e  transformed with t h e  formula 

(1.38) 

In transformation of two-dimensional o r  multidimensional p r o b a b i l i t y  d e n s i t i e s ,  
d e r i v a t i v e  dS/d$ i n  formula (1.38) is  replaced t h e  Jacobian transform. The 
mathematical expectat ion,  dispers ion,  and c o r r e l a t i o n  funct ion have been calcu
l a t e d  by var ious methods [28,29]. F i r s t l y ,  use being made of  t h e  nonl inear  
r e l a t i o n s h i p s  and p r o b a b i l i t y  d e n s i t i e s  t h e  mathematical expectat ion,  c o r r e l a t i o n  
function, and d i spe r s ion  have been ca l cu la t ed  with t h e  formulas 

-w (1 39) 

(1.40) 
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and 
+m +ca 

(1.41) 

where t i s  t h e  t i m e  s h i f t  of  o rd ina te s  cl and .c2 .  

Secondly, i f  t h e  nonl inear  r e l a t i o n s h i p s  between random func t ions  $=g(<) a r e  
a n a l y t i c a l  funct ions i n  t h e  v i c i n i t y  of < = O ,  t h e  f a c t o r  method may be employed. 
Expanding nonl inear  r e l a t i o n s h i p  #=g(S) i n t o  a Maclauren series and t ak ing  from 
t h e  s e r i e s  t h e  f i r s t  term assu r ing  t h e  required accuracy, and then performing 
s t a t i s t i c a l  averaging. w e  ob ta in  mathematical expectat ion /39 


where ai a r e  constant  expansion c o e f f i c i e n t s .  

The d i spe r s ion  i s  obtained by squaring t h e  expansion, averaging, and sub
t r a c t i n g  t h e  square of t h e  mathematical expectat ion,  

(1.43) 

The c o r r e l a t i o n  funct ion i s  obtained as i s  t h e  d i spe r s ion ,  by taking t h e  
expansion f o r  two moments i n  t i m e  

. _-
-__I= 

4 k 
$ a i F ( t i )  x a n , F ( t ? ) - [ z a i p ( t )r*(fI, t z )  =-

w2i=o nr=0 i =O 
12. (1.44) 

I t  i s  t o  be seen from formulas (1.42) - (1.44) t h a t  t h e  f a c t o r s  o f  transformed 
process $ ( t )  include t h e  higher  f a c t o r s  of process C(t)  which i s  t o  be transformed. 
And it is  t h i s  t h a t  r ep resen t s  t h e  c h a r a c t e r i s t i c  f e a t u r e  of  nonl inear  t r a n s f o r 
mation. Only i f  < ( t )  i s  a normal random process a r e  t h e  h igher  f a c t o r s  expressed 
by the  f a c t o r s  of  t h e  f i rs t  two orders  [30]. In t h e  general  case t h e  higher  
f a c t o r s  are unknown and w e  a r e  forced t o  r e s t r i c t  t h e  s e r i e s  by including t h e  f irst  
two f a c t o r s  only.  In concrete  cases such a r e s t r i c t i o n  may not  correspond t o  
t h e  required accuracy. In add i t ion ,  t h e  approximation e r r o r  cannot be estimated 
without t h e  higher f a c t o r s .  

As with t h e  l i n e a r  t ransformations,  i n  the  nonl inear  ones t h e  method i s  
s e l e c t e d  which makes it p o s s i b l e  t o  obtain r e s u l t s  by t h e  s implest  means. 

Sect ion 6 .  Modelling Cloud and Rkdiation F ie lds  by Means o f  NormalRandom Processes _ _  -

The methods which are l i n e a r  i n  the  f irst  approximation and t h e  nonl inear  
methods of i n v e s t i g a t i n g  random cloud and r a d i a t i o n  f i e l d s ,  such as those described 
i n  t h e  preceding s e c t i o n s ,  a r e  based on u t i l i z a t i o n  of t h e  f irst  two f a c t o r s  of 
random fie1:ds and thus do not  go beyond t h e  framework o f  s p e c t r a l  c o r r e l a t i o n  
ana lys i s .  As w i l l  be demonstrated l a t e r  ( i n  Chapters I11 - V ) ,  an approach 
such as t h i s  i s  e n t i r e l y  acceptable  f o r  t h e  so lu t ion  of many problems. However, /40 
t h e r e  a r e  a l a rge  number of problems f o r  t h e  so lu t ion  of  which t h e  apparatus of 
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t h e  c o r r e l a t i o n  theory i s  found t o  be inadequate.  Such problems inc lude  
Drimarily:  (a) determination of  t h e  one-dimensional, two-dimensional, and 
multidimensional p robab i l i t y  d e n s i t i e s  of  cloud coverage o f  d i r e c t i o n s  of 
s igh t ing ,  (b) determinat ion of t h e  p robab i l i t y  dens i ty  of d i s t r i b u t i o n  o f  cloud 
frequency, i . e . ,  t h e  number of clouds p e r  u n i t  i n t e r v a l ,  (c) more nea r ly  co r rec t  
so lu t ion  of nonl inear  problems, etc.  Solu t ion  of t hese  and s i m i l a r  problems 
occasions g r e a t  d i f f i c u l t i e s  f o r  random processes .  But even i n  t h i s  case ,  as 
w i l l  be demonstrated l a t e r ,  success can be achieved by r e l a t i v e l y  simple means, 
by r e s t r i c t i n g  cons idera t ion  t o  random processes possessing c e r t a i n  s p e c i a l  
p rope r t i e s .  

In  re ference  [31] t h e  hypothesis was advanced t h a t  cumulus clouds may be 
descr ibed by means of  a s t a t i o n e r y  Gaussian process .  S t r a t i fo rm clouds were 
la te r  descr ibed i n  [32,33] by means o f  a Gaussian process .  Subsequent experimen
t a l  and t h e o r e t i c a l  research  demonstrated t h a t  t h e  hypothesis advanced can be 
success fu l ly  appl ied t o  va r i ed  desc r ip t ion  of t h e  s t r u c t u r e  of  cloud and 
. rad ia t ion  f i e l d s ,  desp i t e  t h e  f a c t  t h a t  t he re  a r e  no grounds f o r  assuming a 
cloud cover t o  be s t r i c t l y  Gaussian [34]. As a r e s u l t  t h e r e  has been constructed 
and experimentally v e r i f i e d  a t h e o r e t i c a l  model which i n  our opinion i s  s u f f i 
c i e n t l y  complete fo r  desc r ip t ion  of t h e  s t r u c t u r e  of  t h e  cloud and r a d i a t i o n  
f i e l d s  of t h e  r e a l  atmosphere. A t  t h e  same time, t h e  degree of d e t a i l  o f  t h e  
t h e o r e t i c a l  model we have constructed i s  f u l l y  i n  keeping with t h e  information 
on cloud s t r u c t u r e  ava i l ab le  t o  us i n  t h e  cur ren t  s t age  of development of  
experimental research .  

Let us now proceed t o  a desc r ip t ion  of t h e  model. We employ as  t h e  model a 
random Gaussian su r face  bounded underneath a t  a c e r t a i n  l eve l  (Figure 6 ) .  Diagram 
a i n  Figure 6 appl ies  t o  v a r i a b l e  c loudiness ,  i n  which t h e  l i m i t a t i o n  l eve l  
excludes a considerable  po r t ion  of  t h e  normal random su r face  from cons idera t ion ,  
while diagram b i l l u s t r a t e s  t he  case of an unbroken cloud cover,  i n  which t h e r e  
i s  a neg l ig ib ly  small p r o b a b i l i t y  t h a t  t h e  cu tof f  l eve l  i n t e r s e c t s  t h e  random / 4 1
surface.  A t  t h e  same t i m e ,  i t  i s  assumed t h a t  t h e  Por t ion  of t h e  random suface -
s i t u a t e d  above t h e  cutoff l eve l  i s  a t h e o r e t i c a l  f i c t i o n .  With e leva t ion  of  t h e  
l i m i t a t i o n  l eve l  t h e  amount o f  clouds decreases ,  a c loudless  sky being obtained a t  
t h e  l i m i t s ,  while t h e  amount of  clouds increases  with lowering o f  t h e  l e v e l ,  t he re  
being obtained a t  t h e  l i m i t  an unbroken cloud cover the. thickness  o f  which depends 
on t h e  depth of t h e  l i m i t a t i o n  l e v e l s .  Consequently one model covers a l l  poss ib le
cloud condi t ions of t h e  Ear th ' s  atmosphere (from a c l e a r  sky t o  an unbroken cloud 
cover) .  

Information on t h e  dimensions of t h e  bases of  t h e  clouds alone i s  required 
f o r  t h e  so lu t ion  of  a l a rge  number of  problems of  g rea t  i n t e r e s t .  In  t h i s  case 
t h e  clouds can be conveniently approximated as  rec tangles  (Figure 6 a ) .  The /42
r e s t r i c t e d  normal process  i s  consequently transformed i n t o  a r e l a y  s i g n a l  
( r e c t - s i g n a l ) .  There remains t o  be resolved t h e  matter  of  t h e  cloudiness  para
meter whose v a r i a b i l i t y  it i s  advisable  t o  descr ibe  by means o f  t h e  normal 
random sur face .  As we know, t h e  v a r i a b i l i t y  o f  t h e  o p t i c a l  th ickness  of  t h e  
cloud cover i s  determined by t h e  random v a r i a b i l i t y  of  t h e  a l t i t u d e  o f  t h e  upper 
and lower boundaries,  moisture  content ,  and both t h e  v e r t i c a l  and t h e  hor izonta l  
micros t ruc ture ,  e t c .  In  addi t ion ,  we know from s t a t i s t i c s  t h a t  t h e  p robab i l i t y  
dens i ty  of  t h e  sums o f  t h e  terms, independent o r  only s l i g h t l y  dependent, whicli 
p lay  apmoximately t h e  same r o l e ,  approach t h e  normal d i s t r i b u t i o n  l a w  when t h e i r  
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number .is increased,  r ega rd le s s  o f  t h e  d i s t r i b u t i o n  laws obeyed by t h e  terms 
(A. M. Lyapunov’s c e n t r a l  l i m i t  theorem). In  view o f  t h i s  fact ,  i n  our model 
we assume t h a t  t h e  o p t i c a l  th ickness  of t h e  cloud cover,  and i n  some cases o f  
cumulus clouds i t s  v e r t i c a l  ex ten t  as well, represent  a normal random process .  
I t  has  add i t iona l ly  been assumed t h a t  t h e r e  i s  a l i n e a r  r e l a t i o n s h i p  between t h e  
o p t i c a l  thickness  and t h e  dimensions of  t h e  clouds.  

<(.)I b 

Because of  mathematical cons idera t ions ,  i n  analyzing t h e  s t r u c t u r e  of  cumu
lus  clouds we are forced i n  ind iv idua l  cases t o  res t r ic t  ourse lves  t o  examination 
o f  normal random processes  t h e  c o r r e l a t i o n  funct ion o f  which i s  of t h e  form of  a 
damping exponent, i . e . ,  t h e  normal random process i s  a t  t h e  same time a Markovian 
one. 

I t  i s  t o  be noted t h a t  l i m i t a t i o n  of  t h e  cloud cover by t h e  p lane  underneath 
i s  j u s t i f i e d  from t h e  phys ica l  s tandpoin t .  The lower boundary o f  t h e  cloud 
cover,  which i s  determined by t h e  condensation l eve l ,  undergoes but  l i t t l e  change 
i n  space.  The bases of cumulus clouds a r e  accordingly s i t u a t e d  approximately 
on one l e v e l ,  and t h e  lower boundary o f  s t r a t i f i e d  clouds i s  much less v a r i a b l e  
with a l t i t u d e  than i s  t h e  upper one. 

The ch ie f  advantages of t h e  model constructed inc lude  t h e  following poss i 
b i l i t i e s :  

(I) U t i l i z a t i o n  of  t h e  r e s u l t s  of t h e  theory o f  d i spers ion  of  normal random 
processes ,  which permits  desc r ip t ion  of t he  s t r u c t u r e  o f  t h e  cloud f i e l d  from 
various s tandpoin ts ,  i n  many ins t ances  by means o f  r e l a t i v e l y  simple a n a l y t i c a l  
expressions;  
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(2 )  Establishment of  r e l a t i o n s h i p s  between the  s t a t i s t i c a l  c h a r a c t e r i s t i c s  /43 
of r a d i a t i o n  cloud f i e l d s ;  

(3)  Experimental determinat ion of  t h e  few i n i t i a l  parameters required which 
a r e  appl ied i n  t h e  theory,  such as t h e  cu tof f  l e v e l ,  t h e  d ispers ions  of  t h e  normal 
random su r face  and i t s  d e r i v a t i v e ,  and t h e  co r re l a t ion  rad ius .  

The j u s t i f i a b i l i t y  of  u t i l i z a t i o n  of t h i s  model has been confirmed by t h e  
q u i t e  ,good agreement between ca l cu la t ions  based on t h e  model and experimental  
da t a ,  as well as by t h e  s l i g h t  v a r i a t i o n  i n  t h e  parameters of t h e  model from 
measurement t o  measurement. The main r e s u l t s  of  ca l cu la t ions  based on t h e  model 
andzcomparison of  t h e  l a t t e r  with experimental da t a  are presented i n  Chapters I11 
and -1V o f  t h e  p re sen t  s tudy.  

I t  i s  t o  be  noted t h a t  t h e  model constructed i s  not  t h e  only one poss ib l e .  
I t  i s  v i r t u a l l y  always poss ib l e  t o  advance a number of o the r  hypotheses which 
agree t o  one ex ten t  or another  with t h e  experimental da t a .  

For example, a model o f  cumulus clouds has been constructed by means o f  t h e  
Poisson f l u x  i n  [35,37]  , while i n  [38,39]  var ious  p robab i l i t y  d i s t r i b u t i o n  func
t i o n s  have been employed t o  descr ibe  t h e  d i s t r i b u t i o n  of  t he  o p t i c a l  thickness  
of  s t r a t i f i e d  clouds.  

Modeling o f  cumulus clouds by means of  t h e  Poisson f l u x  makes it poss ib l e  
t o  so lve  a number of  p a r t i c u l a r  problems (such as  decrease i n  c loudiness  toward 
t h e  hor izon) ,  although such modeling i s  inco r rec t  from t h e  phys ica l  s tandpoin t ,  
s i n c e  i n  t h i s  case t h e  ind iv idua l  cloud formations a r e  assumed not  t o  be cor re
l a t e d  with each o the r .  

By means of p r o b a b i l i t y  d e n s i t i e s  d i f f e r i n g  from t h e  normal it i s  poss ib l e  
t o  a s c e r t a i n  t h e  inf luence  of  v a r i a b i l i t y  of  t h e  o p t i c a l  th ickness  on t h e  mean 
r a d i a t i o n  c h a r a c t e r i s t i c s  [38,39]  and on t h e  d ispers ion  of  t h e  l a t t e r .  A t  t h e  
same time, t h e  p o s s i b i l i t y  i s  excluded o f  s tudying the.  r e l a t i o n s h i p s  between 
t h e  s p a t i a l  s t r u c t u r e s  of cloud and r a d i a t i o n  f i e l d s ,  s ince ,  a s ide  from those 
f o r  normal processes ,  t h e r e  a r e  a t  t h e  present  time no prescr ibed  and r igorous 
methods making it poss ib l e  t o  a s c e r t a i n  t h e  r e l a t ionsh ips  between two-dimensional 
and multidimentional p r o b a b i l i t y  d e n s i t i e s  and t h e  co r re l a t ion  func t ion  of  t h e  
random process .  

The b r i e f  survey given i n  t h e  foregoing of a model based on u t i l i z a t i o n  
of normal random processes  demonstrates t h a t ,  while t h e  cloud cover can be 
approximated by a norm91 random process ,  i n  p a r t i c u l a r  cases  by a Markovian 
process ,  t h e  range of problems t o  be resolved is  considerably broadened. A t  t h e  
same time, a number o f  problems are r e l a t i v e l y  simple t o  so lve .  

Although q u i t e  good agreement i s  observed between t h e  model and experimental  
da t a ,  f u r t h e r  experimental  s tudy  o f  t h e  cloud and r a d i a t i o n  f i e l d s  over  t h e  widest  
poss ib l e  range of  v a r i a t i o n  of  t h e  cloud and r a d i a t i o n  f l u x  parameters i s  never
t h e l e s s  requi red ,  s i n c e  ex t r apo la t ion  beyond t h e  l i m i t s  of t h e  reg ion  i n v e s t i 
gated by experiments may lead t o  major e r r o r s .  I t  i s  t o  be noted t h a t  t h e  need 
f o r  refinement of  t h e  t h e o r e t i c a l  model constructed may a r i s e  only with subsequent 
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e leva t ion  of  t h e  l e v e l  of information on t h e  s t r u c t u r e  of t h e  cloud cover and 
r a d i a t i o n  parameters. The most promising auproach i n  t h i s  i n s t ance  appears t o  
be desc r ip t ion  of  t h e  o p t i c a l  thickness  (cloud cover thickness)  o r  any s u i t a b l e  
parameters of  cloudiness o r  r a d i a t i o n  by a random funct ion which i s  unambi
guously r e l a t e d  by l i n e a r  o r  nonl inear  operators  t o  normal funct ions o r  which 
may be represented by multidimensional normal or  Markovian processes .  
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CHAPTER 11. EQUIPMENT FOR STUDY OF VARIABILITY OF RADIATION AND CLOUD /45 
FIELDS I N  THE ATMOSPHERE I N  TIME AND SPACE 

Sect ion 1. Introductzon 

Experimental s t u d i e s  o f  t h e  v a r i a b i l i t y  o f  r a d i a t i o n  and cloud f i e l d s  i n  time 
and space are impossible by means of t h e  e x i s t i n g  equipment usua1,ly employed i n  
physics o f  t h e  atmosphere and general ly  designed f o r  study o f  averaged energy 
parameters. T rans i t i on  from r i g i d l y  defined examination o f  t h e  problem of r a d i 
atfve t r a n s f e r  i n  a real  atmosphere t o  s ta t i s t ica l  desc r ip t ion  of r a d i a t i o n  and 
cloud f i e l d s  and t h e i r  r e l a t i o n s h i p s  sets s p e c i f i c  requirements o f  i t s  own on 
experiments as wel l .  Above a l l  t h i s  app l i e s  t o  t h e  frequency c h a r a c t e r i s t i c s  
o f - t h e  e n t i r e  measurement system, from t h e  sensor  t o  t h e  recording apparatus.  
The passband o f  t h e  a r r a y  o f  measuring instruments must correspond to t h e  f re
quency i n t e r v a l  being inves t iga t ed ,  and t h i s  sometimes creates c e r t a i n  d i f f i c u l 
t ies  i n  t h e  region of t h e  high frequencies .  

In  s t u d i e s  of t h e  v a r i a b i l i t y  o f  f i e l d s  i n  space it i s  a l s o  necessary t o  
guarantee t h a t  t h e  equipment w i l l  possess s u f f i c i e n t  s p a t i a l  resolving power, 
t h a t  i s ,  t h e  o p t i c a l  systems must have a small f i e l d  o f  view. This requirement 
u sua l ly  causes no fundamental d i f f i c u l t i e s ,  bu t  renders t h e  equipment cumbersome 
and complex, and t h i s  i n  t u r n  i n  some instances l i m i t s  t h e  p o s s i b i l i t i e s  of 
employing ind iv idua l  instruments under f i e l d  condi t ions,  e s p e c i a l l y  on moving 
veh ic l e s  ( a i r c r a f t  and so f o r t h ) .  A general  requirement i n  any measurements 
followed by processing o f  t he  r e s u l t s  by s t a t i s t i c a l  methods i s  recording o f  t h e  
d a t a  e i t h e r  i n  t h e  form of a continuous recording,  o r  i n  d i s c r e t e  form of  a 
frequency s u f f i c i e n t  f o r  t h e  process being s tud ied .  The l a rge  amount of i n i t i a l  

/46 
material necessary f o r  dependable determination of s t a t i s t i ca l  c h a r a c t e r i s t i c s  
accompanied by maximum reduct ion of manual processing inev i t ab ly  n e c e s s i t a t e s  t h e  
production of s u i t a b l e  equipment. 

The s t a t i s t i c a l  approach a l s o  makes c e r t a i n  concessions i n  t h e  absolute  
accuracy of measurements, instrument graduation, long-term s t a b i l i t y  of i n s t r u 
ment parameters, e t c .  This o f t e n  makes it poss ib l e  t o  conduct measurements with 
t h e  a i d  of r e l a t i v e l y  simple and r e a d i l y  access ib l e  equipment. 

In  c r e a t i n g  t h e  a r r ay  o f  equipment f o r  t h e  experimental aspect  o f  t h e  r e 
search under considerat ion here  we set  t h e  following as our ch ie f  aim: t o  
guarantee measurement of a l l  t h e  parameters req-uired as i n i t i a l  ones f o r  t h e  
t h e o r e t i c a l  models, and f o r  v e r i f i c a t i o n  o f  one o r  another t h e o r e t i c a l  conclu
s ion ,  with instruments o f  t he  utmost s i m p l i c i t y  and a c c e s s i b i l i t y .  This a r r ay  
was c rea t ed  gradual ly  i n  t h e  course o f  work and was constant ly  improved as new 
t h e o r e t i c a l  requirements and experimental p o s s i b i l i t i e s  made t h e i r  appearance. 
I t  has by now become obvious t h a t  c e r t a i n  instruments hold ou t  no promise what
ever  and must be replaced by more modern ones, but  f o r  t h e  sake of completeness 
a desc r ip t ion  o f  them has nevertheless  been included i n  t h e  survey o f  equipment. 
No discussion i s  devoted h e r e  t o  instruments which a r e  i n  t h e  development o r  
t e s t i n g  s t a g e ,  o r  t o  instruments t h e  d a t a  on which were not  used by us i n  t h e  pre
s e n t  s tudy .  
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Sect ion 2 .  Equipment f o r  Determination of  Cloudiness.. Conditions. 

I n  order  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  between r a d i a t i o n  f i e l d  and cloudi
ness  parameters it i s  necessary t o  use equipment t o  determine these  parameters.  
The amount and shape o f  clouds as determined v i s u a l l y  are unsu i t ab le  f o r  t h i s  
purpose due t o  the.  i n s u f f i c i e n t  information content  and t h e  l a r g e  propor t ion  o f  
s u b j e c t i v i t y .  Hence i n  our s t u d i e s  we have made use  of  t h e  method o f  photo
graphing t h e  e n t i r e  sky .  This has been accomplished b a s i c a l l y  by means o f a  COn-/47
vex sphe r i ca l  mir ror  [40] .  Various equipment modif icat ions and d i f f e r e n t  ' 

photographing methods have been u t i l i z e d ,  as  a func t ion  o f  t h e  concrete  problem and 
t h e  na tu re  of t h e  cloud cover.  If t h e  problem has been s o l e l y  t h a t  o f  ob ta in ing  
an ob jec t ive  r ep resen ta t ion  of  cloud condi t ions ,  t h e  image has been photographed 
from t h e  sphe r i ca l  mir ror  on 35-mill imeter f i l m  of t h e  KM-2 type,  u sua l ly  through 
a co lo r  f i l t e r  o f  OS-12 g l a s s .  Enlarged p r i n t s  with a coordinate  g r i d  appl ied 
during t h e  p o s i t i v e  process  served as ma te r i a l  f o r  subsequent processing.  The 
g r i d  was determined experimental ly  f o r  a l l  t h e  o p t i c a l  systems employed, which 
cons i s t  o f  a sphe r i ca l  mir ror  and a camera l ens .  The i n t e r v a l  chosen between 
indiv idua l  photographs was 5 t o  30 minutes. Processing of  t h e  photographs 
obtained i n  t h i s  manner provided t h e  p o s s i b i l i t y  of determining t h e  t o t a l  number 
of clouds,  t h e  zonal d i s t r i b u t i o n  o f  cloud coverage o f  t h e  sky, and t h e  v a r i a t i o n  
i n  c loudiness ,  as  well  as  eva lua t ion  of t h e  shapes of  clouds.  O f  l a t e  an a foca l  
adavtor of t h e  " f i s h  eye" type has been used fo r  t hese  purposes,  s o  t h a t  t h e  
e n t i r e  u n i t  i s  small  i n  s i ze  and low i n  weight. 

More d e t a i l e d  information on t h e  v a r i a t i o n  and displacement of  t h e  cloud 
f i e l d  has been found t o  be necessary i n  some p r o j e c t s .  In  such cases  use  has 
been made of t ime-lapse moving p i c t u r e  f i lming  with lb-mi l l imeter  black-and-white-
OCh-45 f i l m ,  g e n e r a l l y  with an i n t e r v a l  of s i x  seconds. Se lec ted  frames have 
been pro jec ted  onto a screen having a coordinate  g r i d  f o r  t h e  purpose of  pro
cessing o f  t h e  frames. 

In ground measurements t h e  v a r i a b i l i t y  of t h e  r a d i a t i o n  f i e l d  i s  determined 
both by t h e  na tu re  of t h e  cloud cover and by t h e  r a t e  of  i t s  displacement above 
t h e  po in t  of  observat ion.  In  a l l  experiments determinat ion has been made of  t h e  
angular v e l o c i t y  of displacement of clouds i n  t h e  a r e a  around t h e  zen i th .  For  
t h i s  purpose we have used a simple device cons is t ing  o f  a lens  having a foca l  
d i s t ance  of 210 mm the  o p t i c a l  ax i s  of  which was o r i en ted  toward t h e  zeni th ,  
from a p lane  mir ror  a t  an angle o f  45" t o  t h e  o p t i c a l  a x i s ,  and matte  g l a s s  
s i t u a t e d  v e r t i c a l l y  i n  t h e  foca l  p lane  and having a coordinate  g r i d  appl ied t o  
i t .  By observing t h e  displacement o f  t h e  image o f  any po in t  of  a cloud through 
t h e  zeni th  and by f i x i n g  t h e  time i t  requ i r e s  t o  pass  through a c e r t a i n  angular 
d i s t ance  one can determine t h e  r a t e  of cloud movement e a s i l y  and with s u f f i c i e n t  /48 
accuracy. 

I t  i s  t o  be noted t h a t  f o r  more d e t a i l e d  s tudy of  c loudiness  c h a r a c t e r i s t i c s  
use has been made of  narrow-angle r ad ia t ion  de tec to r s  produced e spec ia l ly  f o r  
t h i s  purpose. A desc r ip t ion  of t hese  de t ec to r s  i s  given i n  t h e  following 
sec t ions .  
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. - . 3.SectSon ._ Equipment for Sky 'Brightness Measurement 

The a r r ay  of  narrow-angle r ad ia t ion  de tec to r s  i s  used f o r  s t u d i e s  of two 
kinds : 

(1) determinat ion o f  t h e  r e l a t ionsh ips  between sky br ightness  i n  a pa r t i cu 
l a r  d i r e c t i o n  and t h e  r a d i a t i o n  f lux ;  

( 2 )  determinat ion of  c loudiness  condi t ions i n  t h e  d i r e c t i o n  of  s igh t ing .  

The fol lowing instruments  were employed, depending on t h e  s p e c i f i c  problem: 

a. A narrow-angle de t ec to r  of  i n t e g r a l  shortwave r a d i a t i o n  based on t h e  
sensing element (thermopile) of  t h e  Linke-Feussner act inometer  with t h e  addi t ion  
of  a g l a s s  l ens  o p t i c a l  system. The o p t i c a l  system provides  a viewing angle  o f  
t h e  order  of  1" f o r  t h e  instrument .  The s p e c t r a l  s e n s i t i v i t y  range of t h e  in 
strument i s  determined by t h e  t ransmission o f  t h e  g l a s s ;  t h e  p o s s i b i l i t y  has 
been provided of using g l a s s  o r  i n t e r f e rence  l i g h t  f i l t e r s .  The output  s igna l  
of  t h e  instrument i s  ampiif ied by an F-18 ampl i f i e r  and recorded by an EPP-09 
e lec t ron  potent iometer .  

b.  Narrow-angle s p e c t r a l  de t ec to r s  o f  shortwave r a d i a t i o n  of  var ious types .  
A diagram of t h e  l a t e s t  modif icat ion of a general-purpose ground instrument per 
mi t t i ng  the  conduct of  measurements i n  accordance with var ious  programs i s  
presented i n  Figure 7 .  The instrument cons i s t s  of  a lens  with t h e  cathode of  an 
FEU-22 photomul t ip l ie r  placed i n  i t s  foca l  plane.  Diaphram 2 determines t h e  
viewing angle  of  t h e  instrument ,  which i n  our measurements was 30'. Disc 3 with 
in t e r f e rence  l i g h t  f i l t e r s  can be r o t a t e d  by e l e c t r i c  motor M 1 .  Use was made 
of  i n t e r f e rence  l i g h t  f i l t e r s  with passband centers  of  420, 7 0 7 ,  and 723 mm. The /49-
instrument has  an attachment f o r  sky scanning which c o n s i s t s  of  a p lane  scanning 
mir ror  5, which i s  r o t a t e d  by e l e c t r i c  motor M2 a t  a r a t e  of 180" i n  two minutes. 
The output  s i g n a l  amplif ied by a d i r ec t - cu r ren t  ampl i f i e r  and recorded by an 
EPP-09 o r  d i r e c t l y -by an EPPV-60. The instrument permits  t h e  conduct of observat ion 
i n  th ree  modes: 

(1) Measurement of br ightness  i n  one s p e c i f i c  direct i .on and s p e c t r a l  i n t e r 
v a l ;  i n  t h i s  case t h e  d i s c  with f i l t e r s  and scanning mir ror  a r e  s t a t iona ry ;  

( 2 )  Measurement o f  s p e c t r a l  b r ightness  i n  one d i r e c t i o n  but  consecut ively 
i n  th ree  s p e c t r a l  i n t e r v a l s ;  i n  t h i s  case t h e  d i s c  with f i l t e r s  r o t a t e s  and 
mir ror  5 i s  s t a t i o n a r y ;  

(3)  Sky scanning wi th in  t h e  l i m i t s  o f  180"; mir ror  5 r o t a t e s ,  while t h e  
d i s c  with f i l t e r s  i s  s t a t i o n a r y .  

A s impl i f i ed  narrow-angle s p e c t r a l  de t ec to r  t h e  diagram of  which i s  presented 
i n  Figure 8 has  been produced f o r  a i r c r a f t  measurements. The instrument cons i s t s  
o f  a lens  3 with a foca l  d i s t ance  of  52 mm which p r o j e c t s  an image through d ia
gram 4 onto one of sensing elements 5 .  There a r e  a d d i t i o n a l l y  i n  t h e  pa th  of  
t h e  rays a g l a s s  l i g h t  f i l t e r  2 and l i g h t  f i l t e r  1 t o  reduce t h e  effect  o f  t h e  
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r a d i a t i o n  s c a t t e r e d  wi th in  t h e  instrument .  E i t h e r  germanium photodiodes of t h e  
FD-3 type o r  FD-K s i l i c o n  photodiodes opera t ing  i n  t h e  photogalvanic  mode were 
used as t h e  sensing elements.  I n  o rde r  t o  reduce t h e  dependence o f  t h e  dark flow 
of t h e  photodiodes on temperature  use was made o f  a d i f f e r e n t i a l  measurement 
c i r c u i t ,  f o r  which purpose two photodiodes i d e n t i c a l  i n  parameters and connected 
i n  opposi t ion t o  each o t h e r  were placed s i d e  by s i d e  i n  good thermal contac t ,  one 
of them being sh ie lded  aga ins t  r a d i a t i o n .  The g l a s s  l i g h t  f i l t e r  serves  t o  
improve t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  photodioe somewhat, so  t h a t  a con
. trast  o f  2 t o  10 is achieved between c l e a r  sky br ightness  and clouds,  depending 
on t h e  shape and thickness  of  t h e  clouds.  Curves of  t h e  s p e c t r a l  s e n s i t i v i t y  
o f  t h e  photodiodes of  t h e  FD-3 and FD-K types with and without t h e  OS-12 g l a s s  
l i g h t  f i l t e r  are presented i n  Figures 9 and 10. 

Figure 7 .  Diagram o f  Narrow-angle Spec t r a l  
Radiation Detector :  1, Lens; 2 ,  Diaphragm; 
3, Rotat ing Disc; 4 ,  In te r fe rence  Light F i l t e r ;  
5, Scanning Mirror .  

The s i g n a l  from t h e  d e t e c t o r  comes t o  t h e  input  of  a t r a n s i s t o r i z e d  d i r e c t - /50
-cur ren t  d i f f e r e n t i a l  ampl i f i e r  constructed on t h e  b a s i s  of  t h e  example of  t h e  
tensometr ic  amplifier descr ibed i n  [41 ] .  The ampl i f ie r  rece ives  i t s  power from 
t h e  a i rcraf t  power supply system through a t r a n s i s t o r i z e d  vol tage  s t a b i l i z e r .  
The) output  vo l tage  i s  recorded by a K-4-21 o r  POB-14 loop osc i l l og raph  a t  a tape  
advance ra te  of  0 . 5  t o  2 mm/sec. A block diagram of  t h e  narrow-angle a i r c r a f t  
measuring system with two de tec to r s  o r i en ted  upward and downward i s  given i n  
Figure 11. 

In add i t ion  t o  t h e  narrow-angle instrument systems opera t ing  i n  t h e  v i s i b l e  /52
o r  near  i n f r a r e d  region of  t h e  spectrum, use i s  a l so  made of instruments  f o r  
determinat ion o f  br ightness  i n  t h e  region o f  longwave (thermal) r a d i a t i o n .  A l l  
t he se  instruments a r e  i d e n t i c a l  i n  o p t i c a l  system and des ign ,  d i f f e r i n g  only i n  
t h e  thermopiles and f i l t e r s  employed. A mirror  o p t i c a l  system (Fig.: 12 )  and sensing 
element 1 a r e  mounted i n  a s o l i d  housing o f  a ma te r i a l  possess ing  good thermal 
conduct iv i ty  and thermal i n s u l a t i o n .  The mir ror  and housing a r e  heated s l i g h t l y  
by hea te r  3 t o  prevent t h e  formation of  dew i n  night t ime measurements. The out
put  s i g n a l  i s  amplif ied by an F-18 ampl i f ie r  and recorded by an EPP-09 e l ec t ron  
potent iometer .  The viewing angle  of t h e  longwave instrument i s  of  t h e  order  of 1'. 
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Figure 8. Diagram of Narrow-Angle A i r 
c r a f t  Radiat ion Detector :  1, I n l e t  
Diaphragm; 2 ,  Light F i l t e r ;  3,  Lens; 
4 ,  Diaphragm; 5 ,  Photodiodes. 
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Figure 10. Rela t ive  Spec t r a l  S e n s i t i v i 
t y  of Narrow-Angle A i r c r a f t  Radiation 
Detector  With FD-K Photodiode Equipped 
With OS-12 Light F i l t e r  (Sol id  Curve) 
and Without t h e  F i l t e r  (Broken-Line 
Curve), 

Figure 9.  Rela t ive  Spec t ra l  S e n s i t i v i 
t y  of Narrow-Angle A i r c r a f t  Radiation 
Detector With FD-3 Photodiode Equipped 
With OS-12 Light F i l t e r  (Sol id  Curve) 
and Without t he  Light F i l t e r  (Broken-
-Line Curve). 

Figure 11. Diagram of A i r c r a f t  Bright
ness Measurement System: 1, Radiation 
Detector;  2 ,  D i f f e r e n t i a l  Direct-Current 
Amplifier;  3 ,  Loop Osci l lograph;  4 ,  
Voltage S t  ab i  1izer  . 

33 

0 



Thermopiles developed s p e c i f i c a l l y  f o r  t h e  purpose are used as t h e  r a d i a t i o n  
d e t e c t o r s  i n  t h e  longwave instrument.  The diagram o f  a thermopile f o r  i n t e g r a l  
thermal r a d i a t i o n  i s  presented i n  Figure 13. The thermopile c o n s i s t s  o f  a 
thermopile housing 6 and 7 o f  l a t t e n  b r a s s  incorporat ing frame 5 i n  good thermal 
contac t .  50-60:turns of i n s u l a t e d  constantan wire 4 0.06 mm i n  diameter a r e  
wound on t h e  l a t t e r .  To form t h e  thermopile,  s ec t ions  2 o r  the  constantan wire 
are s t r i p p e d  o f  i n s u l a t i o n  and have a l aye r  o f  copper appl ied t o  them by 
e l e c t r o l y t i c  means. The de tec to r  has two i n l e t  ape r tu re s  located s i d e  by s i d e  
above t h e  thermopile j unc tu re .  Both ape r tu re s  a r e  covered by a germanium f i l t e r  
3. To cut  o f f  t h e  end o f  t h e  spectrum o f  shortwave r a d i a t i o n  passed by t h e  
germanium, one o f  t h e  ape r tu re s  i s  a d d i t i o n a l l y  provided with a g l a s s  f i l t e r  1. 
The s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  d e t e c t o r s  described with and without t h e  
compensating g l a s s  f i l t e r  are shown i n  Figure 1 4 .  

Passband i n t e r f e r e n c e  f i l t e r s  were employed f o r  measurement's i n  narrow 
s p e c t r a l  thermal r a d i a t i o n  i n t e r v a l s ,  general ly  i n  t h e  water vapor "window" o f  

/54 
8-12 u .  In  t h i s  case t h e  thermopile i s  somewhat d i f f e r e n t  i n  design (Figure 15 ) .  
I t  has (1) only one i n l e t  ape r tu re ,  behind which i s  l i g h t  f i l t e r  1, (2)  a com
pensat ing p l a t e  6 o f  t h e  same thermal i n e r t i a  as t h e  f i l t e r  used t o  reduce t h e  
zero d r i f t  on change i n  t h e  de t ec to r  temperature, and (3) t h e  thermocouple' 
j unc t ions  i n  a d i f f e r e n t  arrangement. 

In  both instances t h e  thermocouples a r e  coated with black matte o p t i c a l  
varnish manufactured by Parsons. The ex te rna l  su r f aces  o f  t h e  housing a r e  
pol ished and n i ck lep la t ed  t o  reduce r a d i a t i v e  heat  exchange between t h e  i n s t r u 
ment and t h e  surrounding atmosphere. In  the  course of t he  work both d e t e c t o r  
modifications and e s p e c i a l l y  t h e  f i r s t  one, exhibi ted very good zero s t a b i l i t y  
and proved themselves t o  be u s e f u l .  The t i m e  constant va r i ed  somewhat from s e t  
t o  set ,  but  d id  not exceed t en ths  o f  a second; t h i s  f u l l y  meets t h e  requirements 
f o r  ground measurements. 

Sect ion 4 .  High-speed Radiometer and Results o f  Test ing o f  Mercury-Alloyed- /55__ 
Germanium Radiation Detector .  

High-speed equipment o f  high s p a t i a l  resolving power and high s e n s i t i v i t y  
i s  r eau i r ed  f o r  s o l u t i o n  o f  var ious kinds of problems a s soc ia t ed  with inves t iga 
t i o n  of t h e  r a d i a t i o n  s t r u c t u r e  o f  various cloud t ransformations.  In  t h e  bui lding 
of such equipment more r i g i d  requirements a r e  a l s o  gene ra l ly  s e t  f o r  measurement 
accuracy and t h i s  n e c e s s i t a t e s  knowledge o f  t h e  add i t iona l  parameters of var ious 
elements o f  t h e  equinment. 

In  what follows a desc r ip t ion  i s  given o f  a high-speed radiometer-pyrometer / 5 6
fo r  measurement of small  f l u c t u a t i o n s  i n  t h e  r a d i a t i o n  temperature o r  br ightness  
of var ious n a t u r a l  formations,  including clouds.  

The r e s u l t s  o f  t e s t i n g  o f  a Ge:Hg (mercury-alloyed germanium) r ad ia t ion  
d e t e c t o r  cooled by s o l i d  n i t rogen  (51°K) a r e  c i t e d  f o r  t h e  purpose o f  evaluat ion 
o f  instrument accuracy. - - - - . . .__ 

IThe authors wish t o  express t h e i r  thanks t o  B .  M .  Rogov f o r  a s s i s t a n c e  rendered 
i n  t h e  work. 
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Figure 1 2 .  Diagram of Thermal Radia
t i o n  Brightness Measurement: 1, Ra
d i a t i o n  Detectos; 2 ,  Lens; 3 ,  Heater.  

31 
-, 
2 I /-

7 


6-

Figure 13. 'i'hermopile f o r  Measurement 
of I n t e g r a l  Thermal Radiation: 1, 
Glass Compensating F i l t e r ;  2,  Port ion 
o f  Thermopile Coated With Copper;
3,  Germanium Light F i l t e r ;  4,  Constan
tan  Wire; 5 ,  Frame; 6 ,  7 ,  Housing. 

Figure 14 .  Relat ive Spec t r a l  S e n s i t i v i t y
of I n t e g r a l  Thermal Radiation Detector 
With Compensating F i l t e r  (Solid Curve) and 
Without it (Broken-Line Curve). 

Although t h e  r a t i n g  i s  usua l ly  taken as a b a s i s  i n  s e l e c t i o n  o f  t h e  r ad ia 
t i o n  d e t e c t o r ,  i n  a number of cases more d e t a i l e d  add i t iona l  information i s  
needed on i t s  parameters, ones such as t h e  v a r i a t i o n  i n  t h e  threshold and v o l t  
s e n s i t i v i t y  and r e s i s t a n c e  of t h e  d e t e c t o r  as a funct ion of  t h e  value of unmod
u la t ed  r a d i a t i o n  created by the  i n t e r n a l  elements of the  instrument , t h e  
l i n e a r i t y  o f  t h e  vo l t age  c h a r a c t e r i s t i c ,  t h e  behavior o f  t h e  s igna l -no i se  rat ' io 
as a funct ion of the  frequency o f  modulated r a d i a t i o n ,  t h e  v a r i a t i o n  i n  sens i 
t i v i t y  with the  degree of cooling o f  t h e  sensing element, and t h e  capaci ty  f o r  
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de tec t ion  of bodies of var ious  temperatures.  Let us  consider  sone of  t hese  
parameters. 

3 

L 

-4 

Figure 15. Thermopile f o r  Spec t r a l  
Measurements o f  Longwave Radiat ion:  
1, In t e r f e rence  Light Fi l ter ;  2 ,  Por
t i o n  o f  Thermopile Coated With Copper; 
3 ,  Constantan Wire; 4, Frame; 5 and 
7, Housing; 6 ,  Compensating P l a t e .  

A. Inf luence  o f  Unmodulated Radi
a t i o n  on Detector  Parameters 

The d e t e c t o r  i s  always subjected 
t o  t h e  in f luence  of  r a d i a t i o n  f i e l d s ,  
which vary widely from case t o  case.  
Reports have been publ ished i n  t h e  
l i t e r a t u r e  [42-451 on s tudy  of  t h e  
exposure c h a r a c t e r i s t i c s  o f  rece ivers  
of  PbTe, InSb, PbSe, and PbS. The 
r e s u l t s  o f  s i m i l a r  s tudy of  a Ge:Hg 
de tec to r  cooled by s o l i d  n i t rogen  t o  
51°K a r e  presented i n  what follows. 

The inf luence  o f  unmodulated r a 
d i a t i o n ,  exposure, on t h e  parameters 
of  t h e  de t ec to r s  was determined by t h e  
procedure descr ibed i n  [42,43,45] . 
This procedure c o n s i s t s  i n  using an 
absolu te  black body o r  tape  lamp with 
r ad ia t ion  o f  known s p e c t r a l  d i s t r i b u 
t i o n  ( in  our  case  a black body a t  a 

temperature of  700°K) f o r  imi t a t ion  of  t h e  exposure. The unmodulated r a d i a t i o n  
va lue  was e s t ab l i shed  by reducing t h e  f l u x  from t h e  r a d i a t o r  and by varying t h e  /57-
d i s t ance  between t h e  source and t h e  r a d i a t i o n  de tec to r .  

Another black body t h e  f l u x  from which d id  not  vary i n  magnitude during t h e  
experiment was used as  t h e  source of  modulated r a d i a t i o n .  The e f f e c t  of exposure 
on t h e  Darameters of a Ge:Hg r a d i a t i o n  de tec to r  cooled by s o l i d  n i t rogen  t o  
51 k 1°K is  noted i n  [46], i n  which s tudy was made o f  3 models t h e  threshold  
s e n s i t i v i t y  of which does n o t  d i f f e r  by more than 40%. Diaphragms cooled by 
s o l i d  and l i q u i d  n i t rogen  were used i n  t h e  de t ec to r s  t o  reduce t h e  inf luence  
of t he  i n i t i a l  background exposure. I t  i s  noted i n  t h i s  paper t h a t  on change 

i n  the  e f f e c t i v e  exposure Eo,efffrom 1.1 to 8.8 10-4w the  vol tage  

s e n s i t i v i t y  of  t h e  var ious de t ec to r s  was reduced by a f a c t o r  of  1 .54,  and t h e  
threshold  s e n s i t i v i t y  d e t e r i o r a t e d  by a f a c t o r  of  1 . 5  t o  3 .  Addit ional  r e s u l t s  
have been produced with viewing angles  of  0.012 s t e r a d i a n  formed by diaphragms 
cooled by s o l i d  and l i q u i d  n i t rogen .  The equipment and t h e  procedure of  t h e  
experiment are descr ibed i n  [46].  The value of t h e  e f f e c t i v e  i n i t i a l  background 
exposure a c t i v e  a t  an angle  of 0.012 s t e rad ian ,  as  converted t o  terms of  r ad ia 
t i o n  o f  an absolu te  black body of a temperature o f  298°K ( the  background tempera
t u r e  a t  which the  experiment was conducted), was ca l cu la t ed  from t h e  formula 
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and t h e  value of  exposure from a 700°K source wa_s ca lcu la ted  from t h e  formulas 
m 

are t h e  e f f e c t i v e  i n i t i a l  and add i t iona l  -where EO,eff, Eeff(2-14) ,  Eeff(8-14)  /58 
exposures i n  w/cm a c t i v e  i n  t h e  s p e c t r a l  angles of 2-14 and 8-14 1-1; e i s  t h e  view
i n g  angle  of t h e  r a d i a t i o n  de tec tor :  rx (298") and rA (700') a r e  t h e  suectral 
d e n s i t i e s  o f  r a d i a t i o n  of  a black body having temperatures of  298 and 700°K; 
S(X) i s  t h e  r e l a t i v e  s p e c t r a l  s e n s i t i v i t y  of  a r ad ia t ion  de tec to r  having a window 
of  coated germanium; Wf (1) i s  t h e  s p e c t r a l  funct ion of t h e  f i l t e r  t ransmission 

c o e f f i c i e n t ;  gbb is t h e  a rea  o f  t h e  black body diaphragm; and L i s  t h e  d i s t ance  
between t h e  black body diaphragm and t h e  sensing a rea  of t h e  de t ec to r .  

The r a d i a t i o n  of t h e  cooled diaphragms and t h e  devia t ion  from t h e  inverse  
square law due t o  atmospheric absorpt ion were not  taken i n t o  account i n  (2.2)
and (2.9).  

Ver i f i ca t ion  o f  t h e  s t a b i l i t y  o f  t he  black body temperature by means of 
thermocouples cannot be accomplished with high accuracy, so  t h a t  t h e  ex ten t  o f  
cooling of t h e  sensing elements was determined on the  b a s i s  of i t s  r e s i s t a n c e ,  
which a t  Eo ,eff remained constant  during t h e  experiment. The graphs i n  Figures 

16 and 17 show t h e  behavior o f  t h e  r e l a t i v e  vol tage  S/S 
0 

and threshold  E / E  0 sen

s i t i v i t i e s  as  a func t ion  of t h e  exposure value.  In  Figure 16 t h e  vol tage  s e n s i t i 
v i t y  i s  a l s o  p l o t t e d  aga ins t  t h e  temperature of  t h e  background a c t i v e  i n  t h e  
aper ture  angle o f  t h e  de t ec to r  f o r  snectrum ranges of  10-11.15 (curve 1) and 
8-13 p (curve 2 ) .  

We know t h a t  f o r  e x t r i n s i c  semiconductors under condi t ions of background 
exDosure t h e  r e l a t i v e  vol tage and threshold s e n s i t i v i t i e s  f o r  a backgound
- l imi t ed  de tec to r  a r e  def ined as  

S/So=Eo,efflEeff, E/EO= (EefflEo,eff)"** (2.4) 
where S are t h e  vol tage  and threshold  q e n s i t i v i t i e s  f o r  i n i t i a l  exposure 

e f f ;  
0 ,

and S, E a r e  t h e  vol tage  and threshold  s e n s i t i v i t i e s  f o r  var ious values  

Eef f ,  

In  t h e  granhs i n  cluestion t h e  S/So and E / E  0 d i f f e r  somewhat from t h e  rela

t ionsh ip  descr ibed i n  t h e  foregoing.  This d i f f e rence  i s  apparent ly  due t o  t h e  
f a c t  t h a t  t h e  optimum cool ing temperature fo r  a Ge:Hg de tec to r  i s  not  51°K but  
i s  within t h e  range o f  30 t o  35°K (see  [47,48]) .  I t  should be observed t h a t  t h e  
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behavior of  t h e  r e l a t i v e . t h r e s h o l d  s e n s i t i v i t y  o f  r a d i a t i o n  de tec to r s  (curve 1 /60
i n  Figure 17) d i f f e r s  bu t  l i t t l e  from t h a t  ca l cu la t ed  on t h e  b a s i s  of equat ion . 

where E 0 i s  t h e  i n t e g r a l  f l u x  from t h e  black body i n  w; Na Na i s  t h e  concentrat ion 

of acceptors  and donors i n  t h e  sample, Na - Na = (4-5) 1014 ~ m - ~ ;Nv i s  t h e  

e f f e c t i v e  dens i ty  of  t h e  s t a t e s  i n  t h e  valence zone,.Nv 1.17 - l 0 l 5  (T)3/2 

1 i s  t h e  d i s t ance  between t h e  black body diaphragm and t h e  r a d i a t i o n  de tec
t o r s ;  BE is  t h e  l eve l  .of i on iza t ion  energy, AE = 0.087 ev; V i s  t h e  volume of  
t h e  sample; k i s  t h e  Boltzmann constant ;  T i s  t h e  temperature of t h e  sensing 
element; N i s  t h e  quantum ef f ic iency;  T i s  t h e  l i fe t ime of  t h e  c a r r i e r ;  jbjm i s  

V 
t h e  cur ren t  dens i ty  of  t h e  quanta from t h e  background and t h e  modulated r a d i a t i o n  
source.  
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Figure 16. Voltage S e n s i t i v i t y  S/S 0 Versus 

Exposure (Background Temperature) a t  E 0 , e f f  
= 1.67 X w * cm. F i r s t  de t ec to r ,  
broken-line curve; second de tec to r ,  s o l i d  
curve; 1, AX = 10-11.5 1-1; 2 ,  A X  = 8-14 1-1; 
3 ,  A X  = 2-14 p .  

Calcula t ions  based on equat ion (2.5) with t h e  model parameters and experi
mental condi t ions i l l u s t r a t e d  demonstrate t h a t  t h e  threshold  s e n s i t i v i t y  due t o  
the  effect  of exposure v a r i e s  with v a r i a t i o n  i n  t h e  l imi ted  background o f  t h e  
de t ec to r .  The behavior o f  S/So and E / E ~as  a funct ion of  E e f f (8- 14) permits  t h e  

conclusion t h a t  when use i s  made o f  a de t ec to r  having a viewing angle  o f  26-28" 
( t o  t h e  lens  of  t h e  radiometer) t h e  inf luence  of t h e  unmodulated r a d i a t i o n  of, 
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t h e  instrument elements on t h e  parameters o f  t h e  Ge:Hg de tec to r  over  t h e  
opera t ing  temperature range of t h e  radiometer-pyrometer from -30 t o  +50°C may be 
v i r t u a l l y  e l iminated.  In  opera t ion  with a radiometer using a f i l t e r  with a pass-
band of 10-11.5 u t h e  de t ec to r  parameters were found t o  remain unchanged over  a 
wider range of opera t ing  temperatures.  The- r e s u l t s  obtained prove one o f  t h e  
advantages of quantum r a d i a t i o n  de tec to r s  over t h e  thermal ones,  which a r e  sens i 
t i v e  both t o  modulated and t o  unmodulated r ad ia t ion .  

Figure 17. Threshold S e n s i t i v i t y  E / E ~Versus 

Exposure; 1, Theore t ica l  Curve; 2 ,  F i r s t  De
t e c t o r ;  3 ,  Second Detector 

B. Study o f  L inea r i ty  of Watt-Voltage Detector C h a r a c t e r i s t i c  

The watt-voltage c h a r a c t e r i s t i c  i s  d i r e c t l y  r e l a t e d  t o  t h e  amount of  f r e e  
cuprent carriers of  t h e  sensing element. The inf luence  of  unmodulated r a d i a t i o n  /61-
on t h e  parameters o f  the Ge:Hg de tec to r  t o  some ex ten t  a l s o  expla ins  t h e  
l i n e a r i t y  of  the wat t -vol tage c h a r a c t e r i s t i c .  

In  what follows we s h a l l  r e s t r i c t  ourselves  t o  t h e  r e s u l t s  o f  experiments 
confirming t h e  considerable  dynamic range of  t h e  de t ec to r ,  s i n c e  determinat ion 
of the r e l a t i o n s h i p  of  t h e  l a t t e r  t o  t h e  exposure c h a r a c t e r i s t i c s  [see equation 
2.5) goes beyond t h e  framework of t he  present  s tudy.  

A black  body o f  ad jus t ab le  temperature was used t o  i m i t a t e  t h e  modulated 
r ad ia t ion .  The f l u x  va lue  ranged from wat t s ,  t h i s  exceeding t h e  power 
equivalent  t o  t h e  de t ec to r  no i se ,  t o  wat ts ;  t h e  unmodulated r a d i a t i o n  re
mained cons tan t .  

I n  Figure 18 t h e  vol tage  a t  the  de t ec to r  output  i s  p l o t t e d  aga ins t  t h e  
modulated f l u x  value E ca l cu la t ed  from t h e  formula 
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where rX n(T ) is  t h e  s p e c t r a l  dens i ty  of black body r a d i a t i o n  a t  var ious tempera-	 /62-
tures Tn; rx (298') i s  t h e  s p e c t r a l  dens i ty  of modulator r a d i a t i o n  a t  a tempera

t u r e  o f  298'K; Gde i s  t h e  a r e a  of  t h e  sensing element of  t h e  r a d i a t i o n  de tec to r .  

I 

10' W-- e 

Figure 18. Watt-Voltage C h a r a c t e r i s t i c s  o f  Ge:Hg Detectors.  

I t  i s  t o  be seen from Figure 18 t h a t  the  d e t e c t o r s  i n  quest ion possess 
s u f f i c i e n t l y  high l i n e a r i t y  over t h e  r a d i a t i o n  f l u x  range ind ica t ed .  

C .  Determination of ___Ge:Hg- Detector S e n s i t i v i t y  a5 a Function of Degree
P

of Cooling 

The b a s i c  e r r o r  i n  measurement of cloud r a d i a t i o n  r e s u l t s  from t h e  tempera
t u r e  i n s t a b i l i t y  of t h e  d e t e c t o r  sensing element. In order  t o  reduce measurement 
e r r o r s  i n  t h e  processing of r e s u l t s  it i s  necessary t o  introduce a co r rec t ion  f o r  
v a r i a t i o n  i n  t h e  d e t e c t o r  s e n s i t i v i t y .  As was observed e a r l i e r ,  monitoring of 
t h e  c r y s t a l  temperature by means of  thermocouples o r  thermistors  does not y i e l d  
a high accuracy. For t h i s  reason the  i n s t a b i l i t y  o f  t h e  d e t e c t o r  s e n s i t i v i t y  
was monitored on the  b a s i s  of  t h e  r e s i s t a n c e  of i t s  sensing elements, by means 
of an M-95 instrument.  

The r e s i s t a n c e  of t h e  d e t e c t o r  sensing element was va r i ed  by evacuation of 
n i t rogen  vapor from a Dewar f l a sk  with a VN-461 pump. A t  t h e  end 
o f  t h e  cycle  of  operat ion of t h e  r a d i a t i o n  d e t e c t o r ,  when i t s  r e s i s t a n c e  was slow
l y  decreasing,  measurement was made of t h e  s e n s i t i v i t y  a t  var ious r e s i s t a n c e  
values  o f  t h e  element. The load r e s i s t a n c e  remained constant i n  t h i s  case f o r  
each d e t e c t o r .  This method was employed t o  determine t h e  s e n s i t i v i t y  as a func
t i o n  of  element r e s i s t a n c e  i n  t h r e e  r a d i a t i o n  de tec to r s  of  s p e c i a l  design. These 
d e t e c t o r s  were used i n  t h e  radiometer.  

In Figure 19 t h e  r e l a t i v e  threshold s e n s i t i v i t y  E / E  0 i s  p l o t t e d  aga ins t  t h e  

r e l a t i v e  v a r i a t i o n  i n  r e s i s t a n c e  R/RO, with E O Y e f f  = const .  A v a r i a t i o n  i n  
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element r e s i s t a n c e  no g rea t e r  than 15%was permit ted i n  cloud formation measure
ments, a co r rec t ion  f a c t o r  being introduced i n  processing of  t h e  r e s u l t s  f o r  
every 3% o f  v a r i a t i o n  i n  r e s i s t ance .  

~ ' .1 I 

# 0.5 to -c 
Figure 19. Watt-Voltage Sensi-t ivity o f  Detectors 
Versus Var ia t ion  i n  Detector Resis tance 

D. ~ =~ ~ Detection Power o f  Ge:Hg Detector /63.. .Determina t ionof  ~ . 

The photon no i se  generated by any r a d i a t i n g  body i s  known t o  impose l i m i t s  
on t h e  de t ec t ion  power o f  a r ad ia t ion  de tec to r  [47;48]. Cooling of t h e  i n t e r n a l  
p a r t s  of  t h e  de t ec to r  i s  sometimes employed t o  reduce t h i s  no ise ;  cooled f i l t e r s  
and diaphragms a r e  i n s e r t e d  which l i m i t  t h e  aper ture  angle ,  s ince  t h e  de t ec t ion  
power of a de t ec to r  l imi t ed  by noise  i s  def ined by t h e  formula 

where D*(?r) i s  t h e  de t ec t ion  power of a de t ec to r  having an aper ture  angle  I T .  

When in f r a red  de tec to r s  a r e  used allowance must be made f o r  t h e  d i f f e rence  164 
between thermal and photon de tec to r s ,  s i n c e  t h e  former r eac t  t o  t h e  i n t e n s i t y  of 
r ad ia t ion  but  t h e  l a t t e r  t o  t h e  r a t e  o f  photon absorpt ion.  Thermal de t ec to r s  
have a s p e c t r a l  de t ec t ion  power D* equaling de tec t ion  power D* f o r  t o t a l  black 
body r a d i a t i o n  of  any temperature,  t h a t  i s ,  Dl*=D* (T,f,Af).  This r e a l t i o n s h i p  

may not  be  s a t i s f i e d  f o r  photon i n f r a r e d  r a d i a t i o n  de tec to r s .  Hence knowledge 
o f  t h e  de t ec t ion  power e spec ia l ly  f o r  low-temperature bodies i s  required f o r  
s e l e c t i v e  i n f r a r e d  d e t e c t o r s ,  ones such as  de t ec to r s  of  Ge:Zn, Ge:Cu, Ge:Cd, 
Ge:Hg, and o the r s .  
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The r e l a t i o n s h i p  o f  de t ec t ion  power D* f o r  t h e  t o t a l  f l u x  from a black body 
t o  t h e  de t ec t ion  power based on t h e  wavelength spectrum D* i s  according t o  [47] , 

defined f o r  a de t ec to r  l imi t ed  by photon no i se  by t h e  formula 

D'= D i G ,  (2 - 8) 
with 

wherev 0 i s  t h e  photon equat ion,  def in ing  t h e  longwave boundary of  t h e  in f r a red  

de tec tor ;  c0 i s  t h e  v e l o c i t y  of l i g h t ;  k i s  t h e  Boltzmann cons tan t ;  h i s  t h e  

Planck constant ;  u i s  t h e  Stefan-Boltzmann constant ;  T1, T 2 are t h e  temperatures 

o f  an absolu te  black body and t h e  background; and q(v  0) i s  t h e  quantum e f f i c i ency  

(assumed i n  t h e  ca l cu la t ion  t o  equ,al u n i t y ) .  

With t h e  background and black body temperature and t h e  longwave de tec to r  
known, one can determine with s u f f i c i e n t  accuracy D* (Tn,f,Af) f o r  black bodies 

o f  varying temperatures T provided t h a t  hvO > kT1 and II,,~ B kT2. n 

Inasmuch as t h e  de t ec to r s  i n  quest ion have an ape r tu re  angle  of  26-28' and 
, a  cool ing temperature of  51 * l ' K ,  t h i s  being somewhat h igher  than t h e  optimum 

[47,48], and n(u0) depends on t h e  wavelength and i s  always smaller than un i ty ,  

t h e  equation given above may cause considerable  e r r o r s  i n  determinat ion o f  D*. 
Hence add i t iona l  s tudy of  D* f o r  low-temperature bodies f o r  determinat ion of /65 
measurement e r r o r  i s  of  p r a c t i c a l  importance because o f  t h e  f a c t  t h a t  t he  r ad i 
a t i o n  of a c loudless  sky, say i n  t h e  "water vapor window" of  8-12 u, may have a 
r a d i a t i o n  temperature of  t h e  order  o f  180°K [49]. 

Various s tandards,  black body models, are genera l ly  employed f o r  comparison 
and determination of D*. U t i l i z a t i o n  f a c t o r  q i s  introduced i n  determinat ion of 
de t ec t ion  power D*. No work has been done on t h e  b a s i s  of  our  information f o r  
determination of  D* (T , f ,Af)  o f  longwave r a d i a t i o n  de tec to r s  f o r  bodies havingn 
temperatures 200-300'K. We present  t h e  r e s u l t s  o f  an experiment f o r  determina
t i o n  o f  D* f o r  black bodies of  a temperature of  200-500°K with a Ge:Hg in f r a red  
de tec to r  cooled by s o l i d  n i t rogen .  The tes t  u n i t  with which t h e  experiment was 
conducted i s  i l l u s t r a t e d  i n  Figure 20. The black body model 1 was represented 
by a d i s c  blackened with carbon black and placed i n  a case with a hea t - in su la t ing  
j acke t .  The inner  sur faces  o f  t h e  case and t h e  surfaces of t h e  d i s c  were o f  a 
degree of  blackness b(X) > 0.99 i n  t h e  range up t o  15 p as ca l cu la t ed  on t h e  __/ 6 6  
b a s i s  of [SO-511. Vauors of l i q u i d  n i t rogen  were introduced i n t o  t h e  i n t e r i o r  
o f  t h e  case under low pressure .  The r a t e  o f  vapor flow was va r i ed  i n  order  t o  
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vary t h e  temperature of t he  black body over t h e  range o f  200-298°K. Even cool ing 
of t h e  r a d i a t i n g  d i s c  was achieved by r o t a t i n g  t h e  l a t t e r  a t  a r a t e  o f  6000 rpm. 
The flow from t h e  cooled black body was in t e r rup ted  by modulator I1 o f  a frequency 
of 900 Hz s i m i l a r  i n  construct ion t o  black body I .  The modulator was a t  a con
s t a n t  temperature o f  180°K. The temperature o f  t h e  black body and t h e  modulator 
were checked by means o f  T1-15 petroleum e t h e r  thermometers graduated i n  t h e  
same medium. 

Figure 20. Block Diagram of Test Unit: I ,  Model o f  
Absolute Black Body; 11, Model o f  Absolute Black Mo
du la to r ;  l ,  Radiation Detector;  2 ,  Preamplif ier ;  3 ,  
V6-2 S e l e c t i v e  Mil l ivol tmeter ;  4 ,  ENO-1 Oscil lograph; 
5 ,  Screen; 6 ,  Diaphragm; 7 ,  Heat-Insulat ing Jacke t ;  
8, Rotating Disc with Blades; 9 ,  Thermometer. 

The low-temperature black body was replaced by a high-temperature heated 
one f o r  determination o f  t h e  de t ec t ion  power of C;e:Hg de tec to r s  o r  black bodies 
o f  a temperature o f  298 t o  500°K. The temperature o f  t he  black bodies was kept 
accurate  t o  within 0 . 5 " .  The d e t e c t o r ,  modulator, black body, and diaphragm were 
arranged i n  such a way t h a t  t he  f lux  from the  black body only was modulated. In 
orde r  t o  make c e r t a i n  t h a t  t h e  unmodulatrjd background r a d i a t i o n  would be constant ,  
t h e r e  was placed between t h e  d e t e c t o r  and the  modulator a screen having an opening 
through which only modulated r a d i a t i o n  passed. During t h e  experiment t h e  screen 
was a t  an ambient temperature o f  298". The s i g n a l  from t h e  d e t e c t o r  was ampli
f i e d  by a p reampl i f i e r  having an input  r e s i s t a n c e  o f  R i n  = 5 . 7  millohm and was 

fed t o  a V6-2 s e l e c t i v e  mi l l i vo l t -me te r  with a band o f  A f  = 180 Hz. An ENO-1 
osc i l l og raph  was employed f o r  v i s u a l  observation of t h e  s i g n a l  and no i se .  The 
s tudy was conducted with two d e t e c t o r s ,  t h e  cooling temperature of yhich was 
checked on t h e  b a s i s  o f  t h e i r  r e s i s t a n c e .  The de tec t ion  power f o r  bodies o f  
d i f f e r e n t  temperatures was ca l cu la t ed  from t h e  formulas 
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(2.10) /67 

(2.11) 

-
z L z  A f  1 

=grr 1g d e q  

where D* (T,, 900, 1) i s  t h e  de t ec t ion  power of  t h e  de t ec to r  cor  t h e  t o t a l  f l u x  

from a black body of temperature Tn; D*C2-14)(Tn, 900, l ) ,  D*C8-14)(Tn, 900, 1) 

i s  t h e  de t ec t ion  power f o r  t h e  e f f e c t i v e  f lux  from a black body o f  a temperature 
T over s p e c t r a l  ranges 2-14 and 8-14 !J respec t ive ly ;  T i s  t h e  black body temperan n 
t u r e ,  which ranges from 200 t o  500°K; rX (180"), rX (T,) i s  t h e  s p e c t r a l  dens i ty  

of  r a d i a t i o n  of  a black body o f  a temperature of 180'K and Tn 0 ; Us, ' ~ (8-14)  , 
and U a r e  t h e  s igna l  vo l tages  caused by t h e  t o t a l  and s p e c t r a l  f l uxes ,  and t h e  n 
no i se  vol tage ,  r e spec t ive ly ,  a t  t h e  output  o f  t h e  V6-2 ampl i f i e r .  

In  t h e  ca lucula t ions  of D* ' D*(2-14), and D* (8- 14) t h e  i n t e g r a l s  were r e 

placed with sums with a summation i n t e r v a l  of  0 .1  1-1; t h e  r a d i a t i v e  f l u x  lo s ses  
i n  t h e  absorpt ion bands of  t h e  atmosphere were disregarded.  Calcu la t ions  o f  
r (T ) ,  rX (180") over t h e  temperature range from 180 t o  300"k a t  i n t e r v a l sA n  
of AT=S°K were performed by means o f  a BESM-4 computer and re ference  t a b l e s  [52].
The averaged r e s u l t s  of  t h e  s tudy  are presented i n  Figure 21. A c e r t a i n  increase  
i n  t h e  r e l a t i v e  de tec t ion  power f o r  low-temperature r a d i a t i o n  i s  t o  be observed 
i n  t h e  graph. This unexpected aspect  was v e r i f i e d  i n  twelve experiments,  t h e  
na tu re  o f  t h e  behavior o f  D*(2-14) and D* (8-14) being repeated i n  each of  them. . 
The s l i g h t  increase  i n  D*12-14) and D*(8-14) may be ascr ibed  t o  t h e  d i f f e rence  i n  

t h e  r a d i a t i o n  f a c t o r  of  t h e  black body o r  modulator from un i ty .  Thus with a 
r a d i a t i o n  f a c t o r  b(X) = 0.99 t h e  r a d i a t i o n  from t h e  surrounding background not  
absorbed by t h e  black body (298°K) may lead t o  an e r r o r  of 6.4% i n  determinat ion 

Of D* (8- 14) (213', 900, 1). The temperature i n s t a b i l i t y  o f  t h e  modulator and /68 
black body, which equals 0.5", may a l s o  lead t o  an e r r o r  of 4-5% i n  determination 
of  t h e  de t ec t ion  power f o r  black body r a d i a t i o n  a t  a temperature of 213°K. Thus 
t h e  an t i c ipa t ed  t o t a l  e r r o r  may be ascr ibed  both t o  t h e  former and t o  t h e  l a t t e r  
assumption; t h e  l a t t e r  i s  less probable ,  inasmuch as  D* (2-14) and D* (8-14)mi gh 
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decrease as  well as increase .  A t h i r d  assumption regarding increase  i n  t h e  detec
t i o n  power f o r  low-temperature r ad ia t ion ,  t h a t  advanced i n  [47] and cons i s t ing  
i n  allowance f o r  t h e  r e l a t i v e  number of  photons per  watt  of power from r a d i a t i o n  
sources of d i f f e r e n t  temperatures,  cannot be accepted, s ince  t h e  cooling tempera
t u r e  of  a Ge:Hg de tec to r  is  51°K r a t h e r  than 30-35"K, and t h e  longwave threshold  
of t h e  de t ec to r  equals 14 1-1 r a t h e r  than 18 1-1 (a  de t ec to r  with a longwave l i m i t  
of 18 1-1 can perform i d e n t i c a l  de t ec t ion  of r ad ia t ion  sources of  a temperature 
both of 500°K and of 290°K i n  noise  from a background o f  290°K [47]).  In  determi
na t ion  of D* (2-14) and '* (8-14) allowance was made f o r  t h e  e f f e c t i v e  r a t h e r  than 

t h e  t o t a l  f lux .  Hence only t h e  first two assumptions can account f o r  t h e  increase  /69-
i n  de t ec t ing  power. 

r - --__ 7--

200 300 rm r x 

Figure 2 1 .  Detector Detection Power Versus Radiation 
Source Temperature, F i r s t  de t ec to r :  dot-and-dash curve; 
second de tec to r :  s o l i d - l i n e  curve; 1, f o r  AX=8-14 p; 2 ,  
f o r  AX=2-14 u .  

The v a r i a t i o n  i n  t h e  u t i l i z a t i o n  f a c t o r  ca lcu la ted  �or s p e c t r a l  regions of 
2-14 1-1 and 8-14 P and temperatures from 200 t o  900°K i s  i l l u s t r a t e d  i n  Figure 2 2 .  
To determine t h e  r e l a t i o n s h i a  of D * ,  D* (2-14),  and D*(8-14) t h e  u t i l i z a t i o n  fac

t o r  was ca l cu la t ed  with t h e  formulas 
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For t h e  sake of comparison t h e  behavior of q f o r  a PbTe in f r a red  de tec to r  	 / 70-
cooled by l i q u i d  n i t rogen  [44] i s  i l l u s t r a t e d  i n  Figure 22 .  The comparison 
presented i s  t h a t  f o r  a de t ec to r  having an averaged s p e c t r a l  s e n s i t i v i t y  
c h a r a c t e r i s t i c .  The behavior of f ac to r s  q f o r  Ge:Hg and PbTe de tec to r s  may be 
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u t i l i z e d  t o  so lve  p r a c t i c a l  problems r e l a t i n g  t o  optimum i n d i c a t i o n  o f  bodies of 
var ious temperatures. The maximum u t i l i z a t i o n  f a c t o r ,  q = 0.39-0.40, corresponds 
f o r  Ce:Hg de tec to r s  t o  temperatures of 430-480°K. In  t h e  case of de t ec t ion  o f  a 
f l u x  d i s t r i b u t e d  over t h e  e n t i r e  s p e c t r a l  band o f  t h e  d e t e c t o r  i n  accordance with 
t h e  l a w  o f  black body r a d i a t i o n  d i s t r i b u t i o n  it may be i n f e r r e d  t h a t  f o r  t h e  
ind ica t ion  of bodies having a temperature of 450°K and below it  i s  advisable  t o  
use i n f r a r e d  de tec to r s  operat ing i n  t h e  water-vapor window o f  8-13- 1.1, and Ge:Hg 
and Ge:Zn de tec to r s  i n  p a r t i c u l a r .  

I 
7 - . '. - ~ 

1 

260 400 600 B[w) 1 %  

Figure 22 .  U t i l i z a t i o n  Factor q,(T) of Various Detectors 
Versus Radiation Source Temperature. 

E .  Se l ec t ion  of Modulation Frequency 
~~ - .  

The no i se  power spectrum and frequency c h a r a c t e r i s t i c  o f  t h e  d e t e c t o r s  were 
p l o t t e d  f o r  t h e  purpose o f  determination of t h e i r  maximum s e n s i t i v i t y .  The 
no i se  power spectrum was recorded by means of an S5-3 harmonic analyzer.  The / 7 1  
r a t i o  o f  s igna l  power t o  no i se  power i s  p l o t t e d  aga ins t  frequency i n  Figure 23 ,  
which i l l u s t r a t e s  a t y p i c a l  curve f o r  t h r e e  r a d i a t i o n  d e t e c t o r s ,  

MeasurementF: High-speed Radiometer f o r  ~. . -of  S p a t i a l  Inhomogeneities of Clouds 

The r e s u l t s  of t h e  s t u d i e s  made of t h e  parameters of t h e  Ge:Hg r a d i a t i o n  
d e t e c t o r  and comparison o f  t h e  l a t t e r  with o t h e r  de t ec to r s  i n  t h e  water vapor 
window o f  8-13 1-1 permit ted t h e  conclusion t h a t  it s a t i s f i e s  t h e  requirements set  
(high speed, s e n s i t i v i t y ,  dynamic range, 
de t ec to r s  of Ge:Zn, Ge:Cd, Ge:Cu, Ge:Te 
example, a t  t h e  same cooling temperature 
s e n s i t i v i t y  t o  de t ec to r s  based on Ge:Hg. 
cooling, and t h i s  complicates t h e i r  use 

46 

dependabi l i ty ,  e t c . )  b e t t e r  than do 
and bolometers o f  var ious types .  For 

(51°K) Ge:Zn d e t e c t o r s  a r e  i n f e r i o r  i n  
Detectors o f  Ge:Cd r e q u i r e  deeper 

i n  radiometr ic  equipment. I t  should be 



r 

I 

Figure 23.  Rela t ive  Threshold S e n s i t i v i t y  o f  Detectors 
cC/cmVersus Modulation Frequency fm. 

Figure 24.  Block Diagram o f  Radiometer: 1-5, Op t i ca l  
System; 6 ,  Modulator; 7, F i l t e r ;  8 ,  Detector;  9 ,  Record
ing  System; 10, Temperature Regulation Device; 11, Tem
p e r a t u r e  Sensing Element. 

47 



- -  

noted t h a t  t h e  cooling requirements f o r  a Ge:Hg de tec to r  a l s o  lead t o  inconvenience 
i n  opera t ion ,  it being manifested ch ie f ly  i n  pouring of t h e  n i t rogen ,  exhausting 
t h e  n i t rogen  vapors,  and checking t h e  s e n s i t i v i t y  of t h e  de t ec to r .  However, t h e  
g r e a t  number of i t s  advantages over bolometers and o the r  r a d i a t i o n  de tec to r s  , as 
noted i n  t h e  foregoing, i n d i c a t e  t h a t  it i s  advisable  t o  use t h i s  d e t e c t o r  i n  
t h e  radiometer.  A block diagram of  t h e  radiometer i s  presented i n  Figure 24. 
The ob jec t  being inves t iga t ed  and t h e  comparison re ference  source , modulator 6 , 
are placed on t h e  ax i s  o f  t h e  o p t i c a l  system (mirrors  1-S) ,  which focusses t h e  
r a d i a t i o n  passing through f i l t e r  7 t o  de t ec to r  8 connected e l e c t r i c a l l y  t o  re
cording system 9. Reference source 6 i s  connected t o  device 10 f o r  r egu la t ion  
of i t s  temperature and i s  provided with temperature sensing element 11. 

The independent cont ro l  of t h e  scanning mir ror  and t h e  modulator re ference  
source,  and t h e  displacement o f  t h e  instantaneous viewing f i e l d  o f  t h e  instrument /72-
i n  space i n  mutually perpendicular  planes a t  d i f f e r e n t  radiometer  speeds,  permit 
abso lu t e  and con t r a s t  measurements o f  t h e  r a d i a t i o n  of o b j e c t s .  The passband o f  
t h e  r ad ioe lec t ron ic  channel may vary over t h e  frequency range Af=l-3 l o 4  H z  as  
a func t ion  of t h e  opera t ing  condi t ions  of t h e  radiometer,  t h e  r a t e  of d i sp lace
ment o f  i t s  instantaneous f i e l d  o f  view i n  space,  and t h e  type  of scanning [53] .  

The use of  a modulator re ference  source of  ad jus t ab le  temperature makes it 
poss ib l e  t o  set t h e  b r igh tness  of t h e  ob jec t s  being inves t iga t ed  t o  equal t h a t  
of t h e  re ference  source.  The method of  equal iz ing t h e  br ightnesses  o f  t h e  
re ference  source and t h e  ob jec t  under s tudy by means of f i l t e r s  i s  descr ibed i n  
[54] .  This  i s  accomplished by i n s e r t i n g  between t h e  i n f r a r e d  r a d i a t i o n  de tec to r  
and t h e  re ference  source one o f  a group of neu t r a l  l i g h t  f i l t e r s  u n t i l  t h e  s i g n a l  
degenerates i n t o  no i se ,  t h i s  i nd ica t ing  equa l i ty  of r a d i a t i o n  o f  t h e  re ference  
source and t h e  ob jec t  under s tudy .  In  t h i s  ins tance  t h e  temperature of  t h e  ob jec t  
i s  ca l cu la t ed  on t h e  b a s i s  o f  t h e  known temperature values  and t h e  r a d i a t i n g  
power of  t h e  re ference  source,  and on t h e  b a s i s  of  t h e  t ransmission c o e f f i c i e n t  
of t h e  l i g h t  f i l t e r  i n s e r t e d .  This  method is  undoubtedly of  meri t ,  but  applying 
it i n  low-temperature pyrometry occasions a number of  d i f f i c u l t i e s ,  such as t h e  
need f o r  using a l a rge  s e t  o f  n e u t r a l  l i g h t  f i l t e r s .  Along with t h e  i n d e f i n i t e  
na tu re  of t h e i r  t ransmission c o e f f i c i e n t s ,  t h e  accuracy o f  measurement o f  t h e  
temperature of  s l i g h t l y  heated o r  cooled ob jec t s  w i l l  a l s o  be a f f e c t e d  by o ther  
f a c t o r s :  t h e  na tu ra l  r a d i a t i o n  o f  t h e  l i g h t  f i l t e r  i n se r t ed ,  t h e  modulator, 
and o the r  elements of t h e  o p t i c a l  channels. The speed of opera t ion  of a device 
such as t h i s  i s ,  o f  course,  determined by t h e  t ime requi red  f o r  equal iza t ion  of  
t h e  r a d i a t i o n  of t h e  r e fe rence  source and t h e  objec t  under s tudy ,  which cannot 
be g r e a t  and depends on t h e  s k i l l  o f  t h e  person conducting t h e  experiment. In 
t h e  instrument descr ibed allowance must be made f o r  t h e  n a t u r a l  r a d i a t i o n  o f  t h e  
lens ,  bu t  t h e  adequate speed of  opera t ion ,  s e n s i t i v i t y ,  s p a t i a l  r e so lu t ion ,  and 
independent scanning and re ference  source cont ro l  represent  unquestionable advan
tages  permi t t ing  inc rease  i n  the  p o t e n t i a l  app l i ca t ion  o f  t h e  instrument .  

Comparison o f  t h e  r a d i a t i o n  of  t h e  objec t  being s tud ied  with t h e  modulator 
re ference  source i s  accomplished i n  a s impler  manner than i n  [54] .  For t h i s  
purpose t h e  modulator r e fe rence  source i s  made i n  t h e  form o f  a bladed d i s k  
blackened with carbon b lack .  Because of  t h e  excess p re s su re  i n s i d e  t h e  cav i ty  
it was poss ib l e  t o  avoid f r eez ing  of  t h e  water vapor on t h e  d i sk  and i n  t h e  
cav i ty  i t s e l f .  A stream o f  t h e  working gas ,  n i t rogen ,  of v a r i a b l e  speed and 
temperature was used t o  vary t h e  temperature of t h e  re ference  source.  The 
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Figure 25. Relat ive Spec t r a l  S e n s i t i v i t y  of Radiometer 
with Different  In t e r f e rence  Spectrometers. 

-4 -2' 0 2 '  + '  x 

Figure 26. D i s t r ibu t ion  of S e n s i t i v i t y  over Instantaneous 
Field of V i e w  of Radiometer: 1, Horizontal ly;  2 ,  Ve r t i ca l 
l y .  X,  angle from o p t i c a l  a x i s  of radiometer.  
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emerging stream of  gas i s  no t  modulated and f o r  t h i s  reason introduces no e r r o r s  
i n t o  t h e  r e s u l t s  of  measurement. Equal izat ion of  t h e  b r igh tness  o r  temperature 
of t h e  objec t  under s tudy t o  t h a t  of t h e  re ference  source i s  e f fec ted  as  i t  i s  i n  
[54], t o  t h e  po in t  of  degenerat ion of t h e  s igna l  i n t o  no i se ,  t h e  temperature 
reading of  t h e  re ference  source being taken from t h e  temperature sensing element. 
The br ightness  equal iza t ion  accuracy i s  determined by t h e  s e n s i t i v i t y  threshold  
of t h e  r a d i a t i o n  de tec to r ,  while  t h e  accuracy of  t h e  absolu te  measurements de
pends c h i e f l y  on t h e  accuracy o f  graduat ion of  t h e  hea t  sensing element (0.1") 
and t h e  graduat ion of t h e  instrument (0.3").  Contrast  measurement can be accom
pl i shed  with t h e  modulator e i t h e r  switched on o r  o f f ,  c i r c u l a r  scanning with 
an angle o f  t u rn  o f  10" o f  t he  f i e l d  o f  view i n  space being employed. 

As was s t a t e d  e a r l i e r ,  t h e  pos i t i on  o f  t h e  f i e l d  o f  view may a l s o  be d i s 
placed through t h e  azimuth and zen i th  angle  a t  varying speeds by means o f  redu- /74-
cing gears .  F o r  t he  purpose of  v i s u a l  observat ion of  ob jec t s  being measured I 

t he  radiometer i s  provided with an o p t i c a l  system combined with t h e  instantaneous 
f i e l d  of view of  t h e  instrument .  The instrument has t h e  following parameters:  

(1) threshold  s e n s i t i v i t y  t o  energy br ightness  i n  t h e  s p e c t r a l  range of 
8-14 1-1, ~ ~ ( i )= l o - %  cm-2 - s te r - l ;  

( 2 )  t h e  s p e c t r a l  range (Figure 25) i s  se l ec t ed  by i n t e r f e r e n c e  l i g h t  f i l t e r s  
and can be widened considerably i n t o  t h e  shortwave region o f  t h e  spectrum; 

(3) instantaneous f i e l d  o f  view of t h e  instrument ,  1 .4  x 1 . 4  10 -3  
rad; 

I 
(4) t h e  e r r o r  of  absolu te  measurement i n  t h e  180-320°K temperature range 

i s  0.5";  t h i s  has been assured as  a r e s u l t  o f  study of  t h e  r a d i a t i o n  de tec to r  
parameters ; I 

(5) scanning: (a) c i r c u l a r :  scanning frequency 7 H z ;  (b) l i n e a r :  angular  /75  
azimuth displacement from 4 '/set t o  30"/sec; angular  zen i th  angle displacement 
from 4 ' /sSc t o  g"/sec.  

(6) modulation frequency 15 kHz. 

These parameters were obtained by use of  Ge:Hg r a d i a t i o n  de tec to r s  with an 
angle o f  view o f  26-28" made t o  conform t o  t h e  radiometer l ens ,  so t h a t  it was 
poss ib le  v i r t u a l l y  t o  e l imina te  i n t e r n a l  instrument r a d i a t i o n  exposure. The 
design of  t h e  de t ec to r  and of t h e  modulator r a d i a t i o n  re ference  source makes i t  
poss ib l e  t o  vary t h e  phase of t h e  r a d i a t i o n  r e l a t ive  t o  t h e  pu l se  p o l a r i t y .  
The radiometer was graduated by t h e  well known methods [55-571. Hot and cooled 
black body models were used as  r a d i a t o r s .  To allow f o r  t h e  n a t u r a l  r a d i a t i o n  
of  t h e  lens  t h e  radiometer was i n s t a l l e d  i n  a BKK-8000 hea t  and pressure  chamber 
the  temperature of which va r i ed  from -10 t o  +3OoC. The radiometer was graduated 
on t h e  b a s i s  of  sources s i t u a t e d  a t  d i s t ances  o f  0 .5  and 80 m from t h e  instrument.  
The graduation curves based on t h e  temperature a r e  presented i n  Figure 2 7 ,  which 
shows s e r i e s  o f  curves f o r  t h e  s p e c t r a l  regions of  10-11.5 and 8-12 1-1 charac
t e r i z i n g  v a r i a t i o n  i n  t h e  s i g n a l  as  a funct ion o f  t h e  black body temperature,  with 
t h e  comparison source a t  constant  temperature.  The s igna l  degenerates i n t o  noise  
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when t h e  temperatures of t h e  comparison source and t h e  black body a r e  equal.  I t  
should be noted t h a t  t h e  behavior of  t h e  curves f o r  r a d i a t i o n  source temperatures 
below 220°K has been determined by t h e e r e t i c a l  ca l cu la t ions .  The amplitude o f  t h e  /76-
modulated energy br ightness  was determined from t h e  formula 

(2.14) 

i n  which I(X, T 1) and I(X, ‘T2 ) a r e  t h e  s p e c t r a l  energy br ightness  of  t h e  source 
IC

and modulator a t  temperatures T1 and T2; I(X, Tatm) and Io(Xy Tatm) a r e  t h e  spec- /77 
t r a l  energy dens i ty  o f  t h e  a i r  column and t h e  l ens  a t  temperature Tatm; S(Xn) i s  

t h e  r e l a t i v e  s p e c t r a l  s e n s i t i v i t y  of  t h e  instrument as determined by t h e  s p e c t r a l  
c h a r a c t e r i s t i c  of t h e  r a d i a t i o n  d e t e c t o r  and t h e  in t e r f e rence  f i l t e r  *n = 1, 2 ,  3 
i s  t h e  f i l t e r  number); ‘atm (A) i s  t h e  t ransmission o f  t h e  a i r  column between 

t h e  black body and t h e  r a d i a t i o n  de tec to r ;  Wktm(X) i s  t h e  t ransmission of  t h e  a i r  

column between t h e  lens  (mirrors  1-3) and t h e  i n f r a r e d  de tec to r ;  Wlatm(X) i s  t h e  

t ransmission o f  t h e  a i r  column between t h e  modulator and t h e  in f r a red  de tec tor ;  
and W 0 ( A )  i s  t h e  t ransmission of  t h e  lens .  

Generally speaking Io(X, Tatm) depends both on t h e  r e l a t i v e  aper ture  of 

t h e  o p t i c a l  system and on t h e  t ransmission of  each o f  t h e  lens  mir rors .  I t  may 
be  disregarded i n  measurements o f  r a d i a t i o n  sources of  180°K and above, s ince  
t h e  i n t e g r a l  l ens  r a d i a t i o n  value over t h e  range’A!A=8-13 ~ . l  is  equivalent  t o  t h e  
black body temperature,  approximately 170°K ( a t  a mir ror  temperature of  298°K) , 
owing t o  t h e  small r a d i a t i o n  c o e f f i c i e n t s  of  t h e  mir ror  l aye r s .  Over t h e  spec
t r a l  range of 8-13 u t h e  a i r  column t rasmiss ion  i s  nea r  un i ty  under graduat ion 
condi t ions ,  while i t s  r a d i a t i o n  v i r t u a l l y  equals  zero,  s o  t h a t  formula (2 .14)
i s  s impl i f i ed  t o  

The s e n s i t i v i t y  t o  monochromatic r a d i a t i o n  was determined from t h e  formula 

(2.16) 

i n  which AI(X,  T1, T2) i s  the  recorded con t r a s t  br- ightness ,  and A U  
S 

i s  t h e  s i g n a l  

a t  t h e  radiometer outDut caused by modulated r a d i a t i o n  Im. 

The b r igh tness  and temperature threshold  s e n s i t i v i t y  was determined from t h e  
formulas . .  

(2.17) 

i n  which U i s  t h e  no i se  vol tage  of  t h e  recording system.n 
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Figure 27. Graduation Charac t e r i s t i c s  of Radiometer: 
1 , A X  = 8-13 2 , A X  = 10-11.5 p .  

By means of  t h e  c i r c u l a r  scanning of t h e  instrument mir ror  one can measure /78-
t h e  va lue  of t h e  s p a t i a l  inhomogeneities of t h e  ob jec t  under s tudy  by expanding 
the  pe r iod ic  s igna l  from the  o p t i c a l  system i n t o  a Fourier  series [58] by means 
of a computer o r  s p e c t r a l  analyzer  ( i n  our case t h e  S5-3 harmonic ana lyzer ,  t h e  
Minsk computer, and t h e  BESM-4). 

Linear o r  c i r c u l a r  scanning, o r  simultaneous l i n e a r  and c i r c u l a r  scanning, 
makes it poss ib l e  t o  der ive  a s t a t i o n a r y  and ergodic  process  from cloud forma
t i o n s ;  t h i s  i s  of  importance i n  obta in ing  t h e  s ta t i s t ica l  br ightness  cha rac t e r i s 
t i c s  o f  var ious  forms of  clouds and i n  inves t iga t ing  the  i s o t r o p i c i t y  of  cloud 
r a d i a t i o n  f i e l d s .  F luc tua t ions  i n  t h e  r a d i a t i o n  o f  var ious clouds over  t h e  
spectral range o f  8014 u were measured by means o f  t h e  instrument descr ibed [59] .  

Sect ion 5. Ground and AircEaft Systems and Measurement Methods,-

A. Ground Measurements 

The ground measurements were gene ra l ly  conducted a t  a s t a t i o n a r y  po in t  a t  
t h e  Tyravere Observatory. Cer ta in  ep isodic  measurements based on an incomplete 
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program were conducted a t  Dnemopetrovsk and la te r  by means of a mobile labora
t o r y  a t  var ious p o i n t s  i n  Estonia.  

The f u l l  a r r ay  o f  ground research cu r ren t ly  includes t h e  following measure
ments : 

1. Recording o f  t h e  f luxes  of t o t a l  ( o r  s c a t t e r e d )  and d i r e c t  r a d i a t i o n  
by means o f  an M-80 pyranometer and AT-SO actinometer mounted on a h e l i o s t a t .  

2 .  Recording o f  br ightness  i n  t h e  shortwave region o f  t h e  spectrum i n  t h e  
d i r e c t i o n  o f  t h e  zen i th  by means of t h e  equipment described i n  Sect ion 2 .  

3. Recording o f  b r igh tness  i n  t h e  longwave region o f  t h e  spectrum i n  t h e  
d i r e c t i o n  of t h e  zeni th  by means of t h e  equipment described i n  Sect ion 2 .  

4 .  Measurement of d i s t r i b u t i o n  o f  br ightness  over t h e  sky by scanning wi th in  
t h e  l i m i t s  o f  180" through t h e  zeni th  with a narrow-angle scanning instrument 
(See Chapter 11, Sect ion 2 ) .  

5 .  Determination o f  t h e  angular v e l o c i t y  of displacement o f  clouds i n  t h e  
zone around t h e  zeni th .  

6. Photographing ( o r  fi lming) of t he  cloud cover. 

7 .  Visual observations of cloud condi t ions.  

Electron potentiometers o f  t h e  EPP-09 o r  EPPV-60 type were used as recording 
instruments f o r  a l l  t h e  recorders .  The t ape  advance r a t e  i s  1200mm/hr, with t h e  
exception o f  t h e  scanning d e t e c t o r  recording instrument,  which has a ra te  of 9600 
mm/hr. A system was employed o f  synchronous recording of time s i g n a l s  on t h e  
recording instrument tapes  e i t h e r  manually o r  automatical ly  by a contact  clock. 
The p o s s i b i l i t y  was a d d i t i o n a l l y  provided of p a r a l l e l  recording of t h e  r e s u l t s  
on punched t a p e  (See t h e  following s e c t i o n ) .  The e n t i r e  system was operated by 
one o r  two observer oDerators. 

The ground observat ions were conducted i r r e g u l a r l y ;  cases o f  "pure" cloudi
ness were s e l e c t e d  i n s o f a r  as poss ib l e ,  and general ly  during t h e  hours around 
noon. The durat ion o f  observat ion,  which was determined by the  s t ead iness  o f  t h e  
cloud cover, ranged from 1 t o  4 hours.  

Measurements using t h e  equipment descr ibed i n  Sect ion 3 of t h i s  chapter  were 
conducted from ground observation po in t s  i n  accordance with a s p e c i a l  program 
and independently o f  t h e  o t h e r  s t u d i e s .  

~A i r c r a f t~ MeasurementsB .~ _ _  -. . -

The a i r c r a f t  measurements i n  1967-1969 were conducted i n  a i rp l anes  of t h e  
11-14 type of t he  Ukrainian Hydrometeorological S c i e n t i f i c  Research I n s t i t u t e  
over t h e  t e r r i t o r y  of t h e  Ukraine, i n  conjunction with o t h e r  research on t h e  
physics  of: clouds and r a d i a t i v e  hea t  exchange. S t a r t i n g  i n  1970 an An-2 a i r p l a n e  
was used and f l i g h t s  were made over t h e  t e r r i t o r y  o f  t h e  B a l t i c  r epub l i c s  and 
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Leningrad Oblast  along var ious  rou te s  as determined by t h e  synopt ic  s i t u a t i o n .  
The following measurements were performed: 

1. Recording o f  t h e  fluxes o f  t o t a l  and r e f l e c t e d  r a d i a t i o n  by means of 
M-80 pyranometers s i t u a t e d  a t  t h e  top  and t h e  bottom of  t h e  a i r c r a f t  fuse lage .  

2 .  	 Recording o f  br ightness  i n  the  shortwave region of t h e  spectrum i n  t h e  /80-
d i r e c t i o n  of  t h e  zeni th  and t h e  n a d i r  by means of  t h e  equipment descr ibed i n  
Sect ion 2 of t h i s  Chapter (See Figure 11) .  

3 .  Recording o f  t h e  shortwave albedo. 

4.  Visual observat ions of  t h e  cloud cover. 

5.  Recording of  t h e  speed, f l i g h t  a l t i t u d e ,  and heading o f  t h e  a i r c r a f t ,  and 
of t h e  temperature on t h e  b a s i s  o f  t h e  a i r c r a f t  instruments ,  as well as t h e  ground 
meteorological d a t a  a t  t h e  reques t  o f  t h e  S t a t e  A i r  Weather Serv ice  along t h e  
rou te  a t  t h e  t ime of  o v e r f l i g h t .  

2 
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Figure 28. Block Diagram of  A i r c r a f t  System f o r  
Measurement of  Shortwave Albedo: 1, S l i d e  Wire 
of Elec t ron  Potentiometer;  2 and 3 ,  Pyranometers 
Directed Upward and Downward; 4, Shunt f o r  Lower 
Pyranometer; RD,  Reversible Motor'. 

Electron potent iometers  of  t h e  KBT type (manufactured i n  t h e  GDR) with a 
t ape  advance r a t e  of  1200 mm/hr were' used as t h e  recording instruments  f o r  t h e  
f luxes  of  t o t a l  and r e f l e c t e d  r a d i a t i o n .  A t h i r d  potent iometer  and two addi
t i o n a l  pyranometers d i r ec t ed  upward and downward were employed f o r  d i r e c t  re
cording o f  t h e  shortwave albedo (Figure 28). For t h i s  purpose t h e  measuring 
br idge  was disconnected from s l i d e  wire  1 of  t h e  potent iometer  and t h e  supply t o  
t h e  s l i d e  wire  was taken from upper pyranometer 2 .  The s i g n a l  from t h e  lower 
pyranometer, shunted by r e s i s t a n c e  4 f o r  s e n s i t i v i t y  matching of  t h e  pyranometers, /81 
was de l ivered  t o  t h e  potent iometer  input .  A s  a r e s u l t ,  t h e  potent iometer  reading 
was propor t iona l  t o  t h e  r a t i o  Rk/C), o r  i n  o the r  words, t o  t h e  instantaneous value 

54 



of  shortwave albedo \. Graduation o f  t h e  system i s  very simple: i n  t h e  absence 

of .a s i g n a l  from t h e  lower pyranometer a reading i s  obtained which corresponds. 
t o  Ak = 0 ,  and t h e  reading Ak = 1 when t h e  exposure o f  t h e  two pyranometers i s  t h e  

same, so t h a t  a l l  intermediate  values  of Ak w i l l  f a l l  between t h e s e  extreme po in t s  
over an evenly.divided scale. 

A l l  t h r e e  e l e c t r o n  potentiometers a r e  suppl ied by t h e  a i rcraf t  power supply 
network by means o f  a converter  o f  d i r e c t  cu r ren t  (27 v) t o  a l t e r n a t i n g  cu r ren t  
(220 v) o f  a frequency of 50 Hz and power of  200 w .  The converter  was t r a n s i s 
t o r i z e d  on the  b a s i s  o f  a c i r c u i t  kindly made a v a i l a b l e  t o  us by Yu. Reemann. 
In  add i t ion ,  provis ion was made f o r  recording synchronous t i m e  marks on t h e  elec
t r o n  potentiometer t apes .  

The a i rcraf t  measurement system was operated by two observers .  The a i r c r a f t  
measurements were conducted i n  ho r i zon ta l  f l i g h t ,  gene ra l ly  under clouds,  but  
sometimes a l s o  above t h e  cloud stratum o r  between s t r a t a ,  over s p e c i f i c  rou te s  
within t h e  l i m i t s  of a p a r t i c u l a r  cloud system. The observation s t r e t c h  ranged 
from 50 t o  500 km, depending on t h e  concrete  s i t u a t i o n .  

Sect ion-6. Automation o f  Primary Data Processing 

As was s t a t e d  e a r l i e r ,  a l l  t h e  measurement r e s u l t s  were recorded on t h e  tapes
of e l e c t r o n  potentiometers o r  loop osc i l l og raphs ,  and f i n a l  processing o f  t h e  d a t a  
was e f f ec t ed  i n  a d i g i t a l  computer, Preparat ion o f  t h e  i n i t i a l  ma te r i a l  f o r  t h e  
computer involves considerable  expenditure o f  t i m e  and l abor ,  s i n c e  it i s  neces
sa ry  t o  t ake  t h e  o rd ina te s  from t h e  recording instrument tapes  with a small 
d i s c r e t i z a t i o n  i n t e r v a l  and record t h e  r e s u l t s  on punched t ape .  Hence a simple 
angle-to-code converter  was developed f o r  t h e  EPP-09 and KBT e l e c t r o n  poten
t iometers ,  one which provided t h e  measurement r e s u l t s  i n  d i g i t a l  code simul
taneously with t h e  recording on t h e  t ape .  The converter  i s  a cy l inde r  with t h e  /82
code mask of t h e  e i g h t - d i g i t  Gray code appl ied t o  it. A l l  t h e  code t r a c k s  are 
e l e c t r i c a l l y  i s o l a t e d  from each o the r  and have individual  l eads .  In  add i t ion  t o  
t h e  code t r a c k s ,  t h e r e  a r e  two contact t r a c k s  on t h e  cyl inder  f o r  t h e  e l e c t r i c  
power supply of t h e  system. The cy l inde r  i s  f ixed  i n  p o s i t i o n  on t h e  s l i d e  wire 
of t h e  e l e c t r o n  potentiometer.  A contact group cons i s t ing  o f  a s e r i e s  of con tac t s  
s l i d i n g  over t h e  su r face  o f  t h e  code cy l inde r ,  which a r e  arranged i n  one row 
p a r a l l e l  t o  t h e  a x i s  of t h e  cyl inder  and connected e l e c t r i c a l l y  t o  each o t h e r ,  i s  
connected mechanically t o  t h e  s l i d i n g  con tac t  of t h e  s l i d e  wire ( s l i d e  wire s h a f t ) .  
Depending on t h e  arrangement of t h e  s l i d i n g  con tac t s  ( turning angle of t h e  s l i d e  
wire a x i s ) ,  t h e  vol tage from t h e  power supply t r a c k s  i s  fed through t h e  s l i d i n g  
con tac t s  t o  t h e  leads  of t h e  d i g i t s  whose uninsulated sec t ions  a r e  under t h e  con
tac ts .  A diagram of t h e  converter  i s  presented i n  Figure 29. For t h e  sake o f  
s i m p l i c i t y  a fou r -d ig i t  code mask i s  i l l u s t r a t e d .  The converters  f o r  t h e  EPP-09 
and KBT are i d e n t i c a l  i n  p r i n c i p l e ,  d i f f e r i n g  only i n  s t r u c t u r a l  design.  The 
e i g h t - d i g i t  b ina ry  code (Gray code) was se l ec t ed  on t h e  b a s i s  of t h e  accuracy 
c l a s s i f i c a t i o n  o f  e l e c t r o n  potent iometers ,  i n  order  t o  ensure t h a t  t h e  conversion 
e r r o r  would be no g r e a t e r  than t h e  potentiometer e r r o r .  

The p a r a l l e l  e i g h t - d i g i t  code obtained a t  t h e  output of t h e  converter  may be 
fed d i r e c t l y  t o  t h e  input o f  an eight-channel t ape  puncher, but s i n c e  t h e  ma jo r i ty  
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of d i g i t a l  computers ( i n  our  case c h i e f l y  a computer o f  t h e  "Minsk" type)  have a /83
five-channel input ,  it is  necessary t o  reshape t h e  code output by t h e  converter .  
For t h i s  purpose a spec ia l  matching and con t ro l  desk was developed, by means of 
which t h e  e i g h t - d i g i t  code from t h e  converter  output  i s  converted t o  two consecu
t i v e  fou r -d ig i t  cha rac t e r s  which a r e  output  t o  t h e  puncher. F i r s t  t h e  more recent  
four  d i g i t s  are punched, and then  t h e  o lde r  ones. After each cha rac t e r  (two 
fou r -d ig i t  s igna l s )  t h e  desk shapes a d iv id ing  s i g n a l ,  which i s  a l s o  punched i n  
t h e  t a p e  t o  avoid e r r o r s  assoc ia ted  with poss ib l e  in te rmiss ions  i n  t h e  system. In 
add i t ion ,  t h e  matching and con t ro l  desk has a cont ro l  s igna l  generator  permi t t ing  
in t e r roga t ion  of  t h e  conver te r  and punching a t  t ime i n t e r v a l s  of 1, 2 ,  3 ,  6,  o r  
10 sec ,  as w e l l  as on t h e  b a s i s  of ex te rna l  t iming s igna l s .  With each punching 
cyc le  a pu l se  i s  emitted which may be used t o  synchronize t h e  operat ion of  o the r  
instruments ,  such as t ime-lapse motion p i c t u r e  equipment. There i s  a keyboard f o r  
manual i n s e r t i o n  of add i t iona l  cha rac t e r s  and da ta  i n t o  t h e  tape .  In  a number 
of  cases it is  necessary t o  know t h e  amount of numbers i n  t h e  a r ray ,  f o r  which 
purpose an electromechanical pu lse  counter  i s  incorporated i n  t h e  system. A /84
block diagram of  t h e  punching system i s  presented i n  Figure 30. 
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Figure 29. Diagram of  Angle-to-Code Converter Code Mask: 
1, Current-Conducting Sect ions;  2 ,  S l id ing  Contacts;  3 ,  
Insu la t ing  Sec t ions ;  KO, Converter Power Supply Tracks; 

Kl-K4, Leads of Individual  D ig i t s .  

Figure 30. Block Diagram of System f o r  Recording of  Data 
on Punched Tape: 1, S l id ing  Contacts o f  Angle-to-Code 
Converter; 3, Converter Code Mask; 3, Control Signal  
Generator; 4., Code Converter; 5 ,  Keyboard; 6 ,  Counter; 

7 ,  Tape Puncher. 
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Owing t o  a shortage of punchers and t r a n s i t i o n a l  u n i t s ,  i n  our experiments 
not a l l  o f  t h e  r e s u l t s  were recorded on punched t ape  d i r e c t l y  i n  t h e  measurement 
process. Hence a p a r t  of t h e  t apes  containing t h e  r e s u l t s  of ground measurements 
and a l l  t h e  a i r c r a f t  d a t a  had t o  be processed a f t e r  t h e  measurements had been 
performed. In  accordance with t h e  example presented i n  [ G O ]  a system of semi
automatic t ape  reading was devised. The bas i c  po r t ion  o f  t h e  system i s  represented 
by a s t a b i l i z e d  ad jus t ab le  vol tage source with the  s h a f t  of t h e  master potent io
meter of t h e  l a t t e r  connected t o  an angle-to-code converter analogous t o  t h a t  
described i n  t h e  foregoing. The output vo l t age ,  which can be adjusted manually 
by means of a knob, i s  fed t o  t h e  input of t h e  e l ec t ron  potentiometer on which 
t h e  t ape  t o  be processed is displaced and the  pen o f  which i s  replaced by a po in te r .  
Constant following of t h e  curve recorded on t h e  t ape  i s  accomplished by r o t a t i n g  
t h e  knob of t h e  master potentiometer ( e l ec t ron  potentiometer s l i d e  wire) .  The 

output s igna l  from t h e  converter  i s  recorded i n  t h e  punched t ape  i n  a manner 
analogous t o  t h a t  described i n  t h e  foregoing. Experience acquired i n  use of t h e  
sys'tem i n d i c a t e s  t h a t  i n  t h e  processing of tapes  t h e  r a t e  of t ape  advance may 
be t h r e e  times f a s t e r  than i n  t h e  measurement process ,  but i f  t h e  operator  i s  
s u f f i c i e n t l y  experienced t h e  e r r o r s  a r e  n e g l i g i b l e .  
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CHAPTER 111. THE STOCHASTIC STRUCTURE OF CLOUD FIELDS 

Sect ion 1. Average C h a r a c t e r i s t i c s  o f  Cumulus Clouds- _ _ _  

In meteorological p r a c t i c e  t h e  cloud cover i s  u s u a l l y  charac te r ized  by t h e  
q u a n t i t y  and shape of  clouds.  For t h e  major i ty  of  cases, however, t h e s e  
c h a r a c t e r i s t i c s  provide t o o  l i t t l e  information f o r  s tudy  of  t h e  s t r u c t u r e  of cloud 
f i e l d s  and t h e i r  i n t e r r e l a t i o n s  with t h e  s t r u c t u r e  o f  r a d i a t i o n  f i e l d s .  In t h e  
present  work t h e  cloud cover i s  a d d i t i o n a l l y  charac te r ized  by t h e  coverage of  
ind iv idua l  zones and narrow d i r e c t i o n s  of s i g h t i n g ,  as wel l  as by t h e q u a n t i t y  
and shape o f  clouds (See Chapter I ) .  

The quant i ty  of  clouds i n  t h e  atmosphere i s  most o f t e n  determined a t  t h e  pre
s e n t  t ime on t h e  b a s i s  of ground o r  s a t e l l i t e  observat ions.  In t h e  case of  ground 
observat ions t h e  quant i ty  of  clouds i s  expressed as t h e  percentage of  cloud cover
age of  an imaginary hemisphere having t h e  observat ion poin t  as i t s  c e n t e r ,  t h i s  
q u a n t i t y  being termed " r e l a t i v e  cloudiness ."  By pro jec t ion  of t h e  clouds onto an 
imaginary sphere having i t s  c e n t e r  at  t h e  c e n t e r  of  t h e  Earth o r ,  i n  t h e  plane-
- p a r a l l e l  model of t h e  atmosphere, onto a hor izonta l  su r f ace ,  t h e  mean quant i ty  
of  c louds,  c a l l e d  "absolute c loudiness ,"  i s  obtained. Note t h a t  absolu te  c loudi
ness  coincides  with t h e  mean cloud coverage of  t h e  zeni th  averaged over space.  A 
value near t h a t  o f  absolu te  c loudiness  may be obtained on t h e  b a s i s  of  s a t e l l i t e  
photographs taken a t  small angles  t o  t h e  z e z i t h .  In view of  t h e  considerable  v e r 
t i c a l  dimensions ( thickness)  of  cumulus clouds,  t h e  p r o b a b i l i t y  of coverage o f  t h e  
d i r e c t i o n  of s i g h t i n g  increases  with increase  i n  t h e  zeni th  angle  of observat ion.  
The absolu te  c loudiness  value i s  consequently always smaller than t h e  r e l a t i v e  /86
value.  

We now proceed t o  d iscuss ion  of  t h e  laws governing increase  i n  coverage of  
t h e  d i r e c t i o n  of s i g h t i n g  toward t h e  horizon. We employ t h e  e j e c t i o n  theory 
f o r  purposes of  t h e o r e t i c a l  a n a l y s i s .  

Consider a v e r t i c a l  c ross -sec t ion  of a normal random sur face  <(x)  bounded 
a t  a l t i t u d e  Z (Figure 6a ) .  Taking [61, 621 i n t o  account,  w e  f i nd  t h a t  t h e  average 
m u l t i p l i c i t y  of i n t e r s e c t i o n  o f  t h e  d i r e c t i o n  o f  s i g h t i n g  with funct ion <(x) a t  t h e  
entrances will be 

cot' d.-__
1 cot?? ---.e0 2 '  Zd,.N (0)=-+- 1 erf -+ 
2 2 1'2 UZ, y2ncot 6 (3.1) 

i n  which o L i s  t h e  d ispers ion  of  t h e  s lopes  o f  t h e  normal random sur face  i n  d i r e c -
Z '  

t i o n  x,  and e r f  i s  t h e  p r o b a b i l i t y  i n t e r v a l .  

The mean m u l t i p l i c i t y  of i n t e r s e c t i o n s  at  t h e  e x i t s  is  expressed by 

M ( 6 )  = N ( 6 ) - 1, (3.2) 
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and t h e  mean m u l t i p l i c i t y  of e x i t s  from sur face  c ix )  t o  l e v e l  Z w i l l  be 

~ ~ ( 6 ) = n ( 0 ) ~ ( 6 ) = n ( o ) [ N ( e ) 1 1 9  ( 3 . 3 )  

i n  which n(0) = NZ(0) i s  t h e  mean m u l t i p l i c i t y  of entrances i n t o  t h e  sur face  t o  

l e v e l  Z a t  6 = 0 ,  t h a t  i s ,  t h e  mean cloud coverage of  t h e  zeni th .  

Assuming t h e  e x i t s  from t h e  sur face  t o  be s t a t i s t i c a l l y  independent, on t h e  
b a s i s  of t h e  Poisson d i s t r i b u t i o n  w e  ob ta in  t h e  p r o b a b i l i t y  t h a t  t h e  d i r e c t i o n  of 
s i g h t i n g  en ter ing  a cloud w i l l  e x i t  through i t s  base: 

po= e--n(O)lWQ)--ll, ( 3  4) 

and t h e  d i r e c t i o n  of s i g h t i n g  w i l l  e x i t  from t h e  s i d e s  of  clouds from 1 t o  an i n f i 
n i t e  number o f  times with p r o b a b i l i t y  1 - P0' 

The p r o b a b i l i t y  of  f ind ing  a cloud i n  t h e  d i r e c t i o n  of  s i g h t i n g  c o n s i s t s  of  
t h e  sum o f  t h e  p r o b a b i l i t y  of  e x i t s  of t h e  d i r e c t i o n  of s igh t ing  from t h e  base 
and s ides  of  c louds,  t h a t  i s ,  

n (a) =n (0) e-n(OllN(Q)-ll __ e-n(O)IN(e)--ll+ 1, (3 .5 )  

AS is  t o  be seen from formula (3 .5) ,  up t o  zeni th  s i g h t i n g  d is tances  
6 <  

n'2 - 'n,max' i n  which i s  t h e  maximum slope of  t h e  s i d e s  of t h e  clouds,--

t h e  p r o b a b i l i t y  of  coverage of  t h e  d i r e c t i o n  of  s i g h t i n g  i s  cons t an t ,  and a t  l a r g e  
s ight ing  angles  p r o b a b i l i t y  n (,a) increases  monotonically,  approaching u n i t y  
when 0 t n / 2 .  

When t h e  Poisson d i s t r i b u t i o n  i s  used f o r  t h e  mean number of i n t e r s e c t i o n s  
t h e r e  is  no need f o r  determining t h e  combined p r o b a b i l i t i e s  of f ind ing  a random 
sur face  along d i f f e r e n t  s e c t i o n s  of t h e  l i n e  of  s i g h t  1130, 631; t h i s  g r e a t l y  s i m 
p l i f i e s  s o l u t i o n  of  t h e  problem assigned. We must no te  t h a t  t h e r e  are  a s  ye t  no 
empirical  d a t a  f o r  determination of  t h e  conbined p r o b a b i l i t i e s .  In t h e  region 
of v a r i a t i o n  of zeni th  angles ,  i n  which M Z ( 6 )  is  small, t h e  e x i t s  from t h e  s u r 

face a r e  c o r r e l a t e d  and formula (3.5) y i e l d s  s l i g h t l y  understated va lues  For n ( 0 ) .  

I f  t h e  f i e l d  i s  i s o t r o p i c ,  t h e  r e l a t i v e  cloudiness  i s  determined from t h e  
f ormu 1a 

ni2 
n= Jn(6)sintYdzf). 

(3 .6)0 

The r e l a t i o n s h i p  of  t h e  coverage of  t h e  d i r e c t i o n  of s i g h t i n g  with clouds,  
n ( e ) ,  t o  t h e  z e n i t h  angle of  observat ion can be determined by employing t h e  
cloud frequency K (average number of  clouds o r  gaps per  u n i t  l eng th ) ,  t h e  proba
b i l i t y  d e n s i t y  of  d i s t r i b u t i o n  of  gaps between clouds,  p ( s ) ,  and t h e  p r o b a b i l i t y
d e n s i t y  of t h e  v e r t i c a l  th ickness  of ind iv idua l  clouds p(h) [64]: 
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In d e r i v a t i o n  o f  formula (3.7) t h e  clouds were approximated by s t r a i g h t  cy l inders  
having bases of  a r b i t r a r y  conf igura t ion ,  while t h e  d i s t r i b u t i o n  func t ion  of t h e  
p r o b a b i l i t i e s  of  t h e  hor izonta l  and v e r t i c a l  dimensions of t h e  cloud cover were 
assumed t o  be s t a t i s t i c a l l y  independent. Cloud frequency K and p r o b a b i l i t y  den
s i t y  p ( s )  were determined empir ica l ly  on t h e  b a s i s  of  ground and a i r c r a f t  measure
ments (See Sect ion 3 of  t h i s  chap te r ) .  Empirical determinat ion of  p(h) e n t a i l s  
g r e a t  d i f f i c u l t i e s ;  hence it was necessary t o  res t i rc t  ourse lves  t o  t h e  mean ef- /88 
f e c t i v e  thickness ,  making u s e  o f  formula (3 .7) .  Only s l i g h t  e r r o r s  r e s u l t  i f  
t h i s  th ickness  i s  s k i l l f u l l y  s e l e c t e d  [64] .  

In  [35-371 cumulus clouds are approximated as cy l inders  forming a Poisson 
f lux .  Poisson f l u x  approximation y i e l d s  exaggerated va lues  f o r  n (6) when n(0) 
> 0.6 .  The reason f o r  t h i s  is t h a t  cumulus clouds are  not  d i s t r i b u t e d  indepen
d e n t l y  of each o t h e r  i n  space; r a t h e r  extensive c o r r e l a t i o n  o f  t h e  clouds pre
sen t  i s  observed (See t h e  following s e c t i o n s ) .  With maximum decrease i n  t h e  
q u a n t i t y  of  clouds a t  t h e  z e n i t h ,  t h a t  i s ,  when n(0) -+ 0,  t h e  cloud elements 
obtained i n  theory by l i m i t a t i o n  o f  t h e  random Gaussian sur face  a t  t h e  bottom a l s o  
form a Poisson f lux .  The clouds preserrt may be assumed [29] t o  be uncorrelated 
i f  n(0) < 0.03. This last-named circumstance a l s o  expla ins  t h e  c l o s e  agreement 
of a l l  models a t  small values  o f  n ( 0 ) .  

The increase  i n  c loudiness  toward t h e  horizon was determined empir ica l ly  on 
t h e  b a s i s  of photographs). The sky coverages a t  i n t e r v a l s  of lo ' ,  with zen i th  
d i s t a n c e s  ranging from 5 t o  85O, have been determined by processing t h e  phto
graphs. 

Figure 31 i l l u s t r a t e s  t y p i c a l  coverages of t h e  d i r e c t i o n  of  s i g h t i n g  a s  a 
func t ion  of  , t h e  zeni th  angle as determined on the  b a s i s  o f  ind iv idua l  photographs 
a t  a r e l a t i v e  cloudiness  o f  0.5. Averaging over t h e  azimuth up t o  zeni th  d i s 
tances  o f  75-80' i s  obviously inadequate f o r  ob ta in ing  s t a b l e  mean va lues .  In 
ind iv idua l  ins tances  a monotonic behavior of  n(9) i s  es tab l i shed  even a t  9 = 70". 
The d ispers ions  of coverages of t h e  d i r e c t i o n  of s i g h t i n g  averaged over t h e  azimuth 
as a funct ion of  zeni th  angle  6 a re  presented i n  Sect ion 6 of  t h i s  chapter .  

Sky coverages averaged over photographs a t  a r e l a t i v e  cloudiness  of 0.1 t o  
0 . 9 ,  as a funct ion o f  t h e  z e n i t h  d i r e c t i o n  of s i g h t i n g ,  a re  shown i n  Figure 32. 
A monotonic t race  of t h e  curve up t o  small zen i th  d i s t a n c e s  i s  es tab l i shed  with 
a number of  photographs no smaller than 25. 

' The mean values  of  parameters 0 and n(0) are obtained by use  of  t h e  r e s u l t s  /90-
shown i n  Figure 32 f o r  c a l c u l a t i o n s  gased on formula (3 .7) .  I t  i s  found t h a t  u 

2 '  
increases  somewhat with i n c r e a s e  i n  t h e  amount of  r e l a t i v e  cloudiness .  Unfor
t u n a t e l y ,  t h e  small number of  experiments and t h e i r  low accuracy prevented p o s i t i v e  
establishment o f  t h e  lastnamed r e l a t i o n s h i p ;  On t h e  average t h e  roo t  mean square 
devia t ion  of  t h e  d e r i v a t i v e  f o r  a normal random sur face  equals  u = 1 . 2 .  

Z '  

The mean coverages of t h e  d i r e c t i o n  of s igh t ing  ca lcu la ted  with formula 
(3.7) are  p l o t t e d  i n  Figure 33 aga ins t  t h e  zen i th  angle of  t h e  d i r e c t i o n  of  
s i g h t i n g .  Comparison of Figure 32 and Figure 33 i n d i c a t e s  s a t i s f a c t o r y  agree
ment between t h e  empirical  and t h e o r e t i c a l  r e s u l t s  (formula (3 .7 ) ) .  In t h e  case 
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of cumulus clouds t h e  coverage of t h e  d i r e c t i o n  of  s igh t ing  begins t o  inc rease  
s u b s t a n t i a l l y  s t a r t i n g  a t  t h e  zeni th  d i s t ance  of  around 50’. The la t te r ,  f o r  
example, reduces t h e  du ra t ion  of sunshine with decrease i n  t h e  a l t i t u d e  of t h e  
Sun with t h e  c loud iness  wadjtion xemaini-nx unchanged. /91 

s 
Figure 31. Coverage o f  Direct ion of S ight ing  n ( 9 )  /89
Versus Zenith Angle 9, Obtained on t h e  Basis o f  
Individual  Photographs a t  a Rela t ive  Cloudiness o f  
0.5 .  

n 1 3 )  I 
co

. 

a5 

0 30 60 90 J 

Figure 32. Coverages o f  Direct ion of S ight ing  n (O) 
Averaged over Photographs Versus Zenith Angle 6 a t  
a Rela t ive  Cloudiness o f  0.1 t o  0 .9 .  
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Figure 33. Mean Coverages of  t h e  Direc t ion  o f  S ight ing  
n(6)  Calculated on t h e  Basis of Formula (3.7) Versus 
Zenith Angle 6 with a Rela t ive  Cloudiness Ranging from 
0.1 t o  0.7. 

The amount of r e l a t i v e  cloudiness  always exceeds t h e  mean coverage a t  t h e  
zeni th .  The d i f f e rences  a r e  a t  t h e  maximum when n(0)  = 0.5,  being 0.13 on t h e  
average. The r e l a t i o n s h i p  between t h e  r e l a t i v e  and t h e  absolu te  c loudiness  
may be descr ibed by t h e  following empir ical  formula: 

n=n(0)+0.5[1 -n(O) ] n ( O ) .  

Relat ion (3.8) i s  i l l u s t r a t e d  i n  Figure 34. With zen i th  coverages ranging 
from 0.1 t o  0 .2  formula (3.8) y i e l d s  va lues  f o r  t h e  r e l a t i v e  cloudiness  which 
are somewhat understated i n  comparison t o  t h e  empir ical  da t a .  With low c loudi 
ness  va lues  t h e  r e l a t i o n s h i p  between t h e  r e l a t i v e  and t h e  abso lu te  c loudiness  
i s  descr ibed more accu ra t e ly  by approximation formula (5 .8) ,  which i s  given i n  
Chapter V,  Sect ion 1. However, t h e  l a t t e r  y i e l d s  exaggerated values  f o r  r e l a t i v e  
cloudiness  when 0 . 3  < n(0)  < 0.8 and i s  less convenient t o  use  i n  t h e o r e t i c a l  
ca l cu la t ions  and numerical opera t ions .  

Sec t ion  2. The S t a t i s t i c  S t ruc tu re  of  Cumulus Cloud F ie lds  /92 
To study t h e  s t r u c t u r e  and d i s t r i b u t i o n  of cumulus clouds wi th in  cloud 

masses recording on t h e  ground of coverage of t h e  sky with clouds i n  t h e  d i r e c 
t i o n  of t h e  zeni th  and t h e  Sun was conducted along with photographing of  t h e  sky., 
and a i r c r a f t  measurements were a l s o  made of t h e  presence of clouds i n  t h e  d i r e c 
t i o n  of t h e  zeni th  (nadi r )  along t h e  r o u t e  of  f l i g h t .  Study of c loudiness  from 
aircraft was conducted above t h e  Ukraine i n  1967-1969 i n  co l l abora t ion  with t h e  
Ukrainian Hydrometeorological Research I n s t i t u t e ,  and s t a r t i n g  i n  1970 above t h e  
Bal t ic  Republics and Leningrad Oblast .  Corre la t ion  and s p e c t r a l  ana lys i s  of t h e  
time and space c ross -sec t ions  of  t h e  cloud f i e l d s  was performed. The cloud cover 
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n(01 The r e s u l t s  of t h e  experimental  
s t u d i e s  have been grouped on t h e  

If  t h e  cloud cover i s  simulated by a sequence of rec tangular  pu l se s ,  t h e  
d i spe r s ion  of t h e  presence of clouds i s  expressed by t h e  simple r e l a t i o n  

AS may be seen from formula (3 .9 )  t h e  d i spe r s ion  i s  a t  t h e  maximum with n(0) = /94-
= 0.5  and decreases  with decrease o r  increase  i n  t h e  mean coverage a t  t h e  zeni th .  

Typical au tocor re l a t ion  func t ions  of t h e  presence of clouds a t  0.45 G n(0)  
G 0.55 f o r  ground measurements and a t  0.35 < n(0)  < 0.45 f o r  a i r c r a f t  measure
ments a r e  presented i n . F i g u r e  35, a and b. A s  t h i s  drawing shows, t h e  empi r i ca l ly  
determined c o r r e l a t i o n  func t ions  a r e  charac te r ized  by considerable  d i spe r s ion ,  
which increases  with inc rease  i n  displacement i n  t i m e  o r  space.  The chief  
reasons f o r  t h i s  a r e  t h e  l imi t ed  number of  observa t ions ,  t h e  v a r i a b i l i t y  of t h e  
meteorological s i t u a t i o n  from observat ion t o  observat ion ( see  Chapter I ,  Sec t ions  
1, 3 ) ,  and i n  t h e  case of  ground measurements a l s o  t h e  v a r i a t i o n  i n  t h e  ra te  of 
cloud displacement.  Hence i n  t h e o r e t i c a l  ana lys i s  w e  employ c o r r e l a t i o n  func t ions  
averaged over t h e  aggregate  number of observat ions (Figure 36).  A dependence of  
t h e  c o r r e l a t i o n  func t ion  on t h e  mean coverage of t h e  zeni th ,  n(O), was de tec t ed  /95-
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only f o r  t h e  ground measurements, s i n c e  t h e  a i r c r a f t  measurements r e l a t e  c h i e f l y  
t o  zen i th  coverage cases  n(0) = 0.3-0.4. A s  may be seen from Figure 36, t h e  
c o r r e l a t i o n  i s  a t  t h e  maximum with n(0) = 0.5, and t h e  c o r r e l a t i o n  s c a l e  con
tracts with inc rease  o r  decrease i n  n(0) .  

b 

Figure 3s.  Examples of Autocorrelation Functions of Coverage 
of Zenith by Cumulus Clouds: a, Ground Measurements a t  n(0) = 
= 0.5  ( t  = Time, min) ; b ,  A i r c r a f t  Measurements a t  n(0) = 
= 0.4 (x = Space Coordinate, km) . 

In simulation of t h e  cloud cover by a normal random process (see Chapter 
I ,  Sect ion 6) t h e  t h e o r e t i c a l  au tocor re l a t ion  funct ion of  t h e  process of 
occurrence of  clouds over t h e  cloud f i e l d  c ros s - sec t ion  i s  of t h e  form [28 ,  291 

(3.10) 

i n  which @(k)  i s  the d e r i v a t i v e  of order k of t h e  p r o b a b i l i t y  i n t e g r a l ,  w/a i s  
t h e  r e l a t i v e  cu to f f  l e v e l ,  and rE ( t )  i s  t h e  c o r r e I a t i o n  funct ion of a normal 

random process.  

If n(0) = 0.5, t h a t  i s ,  w/u = 0, t h e  expression f o r  c o r r e l a t i o n  funct ion 
(3.10) i s  s impl i f i ed  and assumes t h e  form 

The empir ical ly  determihed mean c o r r e l a t i o n  func t ions  of t h e  presence of 
clouds over t h e  cloud f i e l d  c ros s - sec t ion  f o r  n(0) from 0.1 t o  0.9 a r e  c lose ly  
approximated by t h e  formula taken from [34] 
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r n ( o ) ( t )=$arcsin e*ln(o)t.!q (3.12) 

and parameter Q as a funct ion of n(0) may be expressed by t h e  formula 

a[n(0)]=0.27+0.8[n(0)-00.512. (3.13) 
?N) 
fR 7 

The space funct ion o f  t h e  
c o r r e l a t i o n  i s  obtained by mult i 
plying parameter a[n(O)] i n  
expression (3.12) by 3.0 and 
replacing time t i n  minutes by 
space coordinate x i n  km. Para
meter Q is  p lo t t ed  aga ins t  n(0) 
on t h e  b a s i s  o f  formula (3.13) f o r  

a5 -	 ground and aircraft  measurements 
i n  Figure 37, i n  which d o t s  and /96 
crosses  designate  t h e  empircally 
determined values .  A s  may be 
seen from Figure 37, i n  t h e  f irst  
approximation t h e  empirical  d a t a  
confirmed t h e  t h e o r e t i c a l l y  
derived trace of cr[n(O)]. The 

.-1small number of empirical  ground 
s t u d i e s  a t  n(0) > 0 . 50 5 10 t 

Figure 36. Autocorrelation Functions, 
Averaged over Aggregate Number of 
Observations, of Coverage of Zenith 
by Cumulus Clouds Based on Ground 
Measurements ( t  = Time, min): 
1, n(0) = 0.8; 2 ,  n(0) = 0.2; 3 ,  
n(0) = 0.5. 

when n(0) = 0.3 ,  0 . 4 ,  and 0 .5  s u f f i c i e n t  

and t h e  
absence of a i rcraf t  s t u d i e s  under 
t h e  same condi t ions prevent s tudy 
o f  t h e  poss ib l e  asymmetry r e l a t i v e  
t o  a[n(O)] = 0.5 

When n(0) = 0.4 t h e  empir ical ly  
determined values  of t h e  parameters 
a r e  considerably l a r g e r  than t h e  
t h e o r e t i c a l  ones determined on t h e  
b a s i s  of formula (3.13).  Since 

empirical  material i s  a v a i l a b l e  f o r  t h e  
drawing of s t a t i s t i c a l  conclusions,  a divergence such as t h i s  i nd ica t e s  t h e  
exis tence of s u b s t a n t i a l  departures  of t h e  process under study from t h e  normal 
random model i f  n(0) % 0 . 4 .  According t o  t h e  t h e o r e t i c a l  model t h e  amount o f  
clouds inc reases  from 0.3 t o  0.4 c h i e f l y  a s  t h e  r e s u l t  of i nc rease  i n  t h e  dimen
s ions  of t h e  individual  clouds,  but under n a t u r a l  condi t ions increase i n  cloudi
ness as a r e s u l t  o f  increase of t h e  number of clouds predominates over t h i s  
range. I t  i s  t h i s  which explains  t h e  increase i n  parameter Q a t  n(0) % 0.4, 
t h a t  i s ,  t h e  "contraction" of t h e  c o r r e l a t i o n  funct ion.  

Figures 38-40 i l l u s t r a t e  t h e  s p e c t r a l  d e n s i t i e s  of t h e  presence of clouds and 
gaps as ca l cu la t ed  on t h e  b a s i s  of t h e  au tocor re l a t ion  funct ion.  The s p e c t r a l  
d e n s i t i e s  a t  n(0) = 0.5 f o r  individual  observations are given i n  Figure 38, 
while Figure 39 p resen t s  t h e  s p e c t r a l  d e n s i t i e s  grouped according t o  n(0) and /99
averaged over t h e  observations.  Comparison o f  Figures 36 and 38 r evea l s  t h a t  
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widening of t h e  energy spectrum corresponds t o  cont rac t ion  of  t h e  c o r r e l a t i o n  
t i m e .  This conclusion i s  a very  general  one. 

.L The s p e c t r a l  d e n s i t i e s  i n  t h e  
range of l i n e a r  f requencies  f from 
0.12 t o  2.4 min-l are c l o s e l y
approximated by t h e  formula S ( f )  t - f -k ,  i n  which exponent k ranges 

a- 	 from 5/3 t o  4/3 (Figure 40). Ex
ponent k i s  t h e  smal les t  when n(0) = 

0 .  
= 0.5 and increases  with increase  

, .  I o r  decrease i n  t h e  mean coverage 

In order  t o  determine t h e  parameters of d i s t r i b u t i o n  of  t h e  dura t ion  of 
cloud coverage of t h e  zeni th  we employ t h e  dens i ty  of p r o b a b i l i t y  r e l a t i v e  t o  
t h e  number of gaps o r  clouds p ( s ) ,  which determine t h e i r  share  i n  t h e  form of 
time t o r  length s of t h e  time o r  space c ross -sec t ion .  

With n(0)  = 0.5 and a c o r r e l a t i o n  func t ion  of t h e  presence of  c loudiness  of  
t h e  form of (3.12),  t h e  t h e o r e t i c a l  formula f o r  t h e  p r o b a b i l i t y  dens i ty  of  t h e  
number of gaps o r  clouds i s  of t h e  form 

(3.14) 

i n  which parameter a(0.5)  i s  determined from formula (3.13) .  

Formula (3.14) was de i ived  on t h e  assumption t h a t  t h e  normal random process 
i s  a t  t h e  same time a l s o  a Markovian one [ 6 5 ,  661. According t o  t h e  p rope r t i e s  
of continuous Markovian processes ,  formula (3.14) i s  not appl icable  when s + 0. 

The empir ica l ly  obtained p r o b a b i l i t y  d e n s i t i e s  averaged over t h e  observat ions 
and grouped according t o  n(0)  i n  t h e  i n t e r v a l  from 0.1 t o  0 .9  are c lose ly  
approximated by t h e  formula taken from [34] 

(3.15) 

i n  which parameter a 
S 

a s  a func t ion  of n(0) is descr ibed by t h e  empir ical  	 / l o o-
expression 
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(3.16) 


which is  analogous t o  formula (3.13). 

J(i 

r5 d 


b 
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a5 
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Figure 38. Examples of Spec t r a l  Densi t ies  of Zenith / S i
Coverage by Cumulus Clouds ( i n  Relat ive Units) :  Ground 
Measurements at  n(0) = 0.5 (f  i n  min-l);  b, A i r c r a f t  
Measurements a t  n(0) = 0.4 ( f  i n  km-l). 

In t h e  c a l c u l a t i o n s  of t h e  p r o b a b i l i t y  d e n s i t y  of t h e  number of clouds as 
a funct ion of t h e i r  du ra t ion ,  i n  formula (3.16) t h e  0+11  corresponds t o  
n(0) - 0.5 < 0, and t h e  rrJr t o  n(0) - 0.5 > 0. 

The p r o b a b i l i t y  d e n s i t y  f o r  gaps i s  obtained by r ep lac ing  n(0) i n  formulas 
(3.15) and (3.16) with t h e  mean p r o b a b i l i t y  of a f r e e  l i n e  of s i g h t  c(0) = 1 
- R ( 0 ) .  

The empi r i ca l ly  determined p r o b a b i l i t y  d e n s i t i e s  of t h e  numbers of clouds /101. I  

a r e  p l o t t e d  aga ins t  t h e i r  du ra t ion  i n  Figure 41. I t  is t o  be seen t h a t  s h o r t  
gaps and small clouds are t h e  ones t h e  most o f t e n  encountered over t h e  cloud 
f i e l d  cross-sect ion.  Formula (3.15) and t h e  curves i n  Figure 41 c h a r a c t e r i z e  
t h e  cloud cover a t  zen i th  angles  of  t h e  d i r e c t i o n  of s i g h t i n g  9 < SO0. A t  
l a r g e  zen i th  d i s t a n c e s  an essential r o l e  i s  played by t h e  la teral  po r t ions  of 
t h e  clouds (see Chapter 111, Sect ion l ) ,  which reduce t h e  apparent dimensions 
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of  t h e  gaps. I t  is t o  be observed t h a t  t h e  p r o b a b i l i t y  d e n s i t i e s  determined 
over t h e  cloud f i e l d  c ros s - sec t ion  on t h e  bases of (3.15) do not coincide with 
t h e  p r o b a b i l i t y  d e n s i t i e s  of d i s t r i b u t i o n  of t h e  b a s i s  of t h e  clouds based on 
t h e  dimensions (a rea) .  

0 0.5 4.0 i 
Figure 39. Spec t r a l  Dens i t i e s  of 

Presence of  Clouds and Gaps a t  t h e  

Zenith Based on Ground Measurements, Figure 40. Spec t r a l  Density, 
Grouped According t o  n(0) and Averaged over Observations , of
Averaged Over Observations: 1, n(0) = Zenith Coverage by Cumulus Clouds 
= 0.5; 2,  n(0) = 0.2 o r  0.8 ( f  i n  Based on Ground Measurements on
min-1). Logarithmic Scale  with n(0) = 0.5. 

By approximation of t h e  b a s i s  of clouds as c i r c l e s  of diameter D ,  and 
on t h e  assumption t h a t  t h e  cloud f i e l d  i s  i s o t r o p i c ,  i n  [36] t h e  p r o b a b i l i t y  
d e n s i t y  i s  derived f o r  t h e  d i s t r i b u t i o n  of clouds over t h e  diameters on t h e  
cloud f i e l d  cross-sect ion:  ,.. 

(3.17) 

The d i s t r i b u t i o n  funct ion of clouds on t h e  b a s i s  of  a r e a  can e a s i l y  be derived 
from t h e  l a t t e r :  

(3.18) 

We see by comparing formulas (3.17) and (3.18) with formula (3.15) t h a t  t h e  
weight of  t h e  sho r t  cloud c ross - sec t ions  considerably exceeds t h a t  of t h e  small 
clouds.  In t h i s  case p(D = 0) = ps(0) = 0. However, as has a l ready been 

observed i n  [36], t h e  c a l c u l a t i o n s  based on t h e  formulas e n t a i l  s u b s t a n t i a l  
e r r o r s .  Empirical s t u d i e s  of t h e  d i s t r i b u t i o n  of t h e  bases of clouds by a reas  
are thus  needed t o  solve t h i s  problem. 
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Figure 41. P robab i l i t y  Dens i t ies ,  Averaged over Observations,  
o f  Dimensions of Cumulus Clouds Based on Ground (st i n  min) 

and Aircraft (s
X 

i n  km) Measurements: 1, n(0)  = 0.1; 2 ,  

n(0)  = 0.9. 

A s  may be seen from t h e  foregoing, t h e  p r o b a b i l i t y  d e n s i t i e s  of d i s t r i b u 
t i o n  of  t h e  number of  gaps or  clouds a r e  v i r t u a l l y  independent of t h e  mean 
coverage of t h e  zeni th .  The cloud frequency, t h a t  i s ,  t h e  number of them per  
u n i t  t ime i n  ground measurements o r  per  u n i t  length i n  a i r c r a f t  measurements, 
i s  more s e n s i t i v e  t o  v a r i a t i o n  i n  n (0 ) .  

For a normal random model t h e  frequency of clouds and gaps i s  expressed / l o 2  
by t h e  formula 

x [ n ( ~ )  1 (I'] = - L e x p ( - [ a r g e r f  : 1  -2n(0)j121, 
2n (I1 (3.19) 

i n  which uz and u z ,  a r e  t h e  roo t  mean square devia t ions  of t h e  normal random 

su r face  and i t s  d e r i v a t i v e  from t h e  mean. 

The r e l a t i o n s h i p  of t h e  frequencies  of clouds and gaps i s  i l l u s t r a t e d  i n  
Figure 42, i n  which t h e  s o l i d - l i n e  curve corresponds t o  ca l cu la t ions  based on 
formula (3.19) and t h e  do t s  and crosses  represent  t h e  r e s u l t s  of  empir ical  
ground and a i rcraf t  s t u d i e s  averaged over t h e  observat ions and grouped 
according t o  n (0 ) .  The cloud frequency i s  a t  t h e  maximum when n(0)  = 0.5 and 
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undergoes nea r ly  twofold v a r i a t i o n  wi th  v a r i a t i o n  i n  z e n i t h  coverage nC0) from 
0.1 t o  0.9. Owing t o  t h e  small number of experimental s t u d i e s  t h e  cloud fre
quency a t  n(0) = 0.7 i s  charac te r ized  by t h e  g r e a t e s t  e r r o r .  I t  i s  t o  be noted / l o 3  
t h a t  t h e  experimental s t u d i e s  are a l s o  i n s u f f i c i e n t  f o r  i n v e s t i g a t i o n  of possible-
asymmetry of  t h e  curve of cloud frequency r e l a t i v e  t o  t h e  frequency a t  n(0)  = 
= 0.5. 

X 

012 


0 0.5 t.0 n (01 

Figure 42. Frequency ( i n  mi*-') of Cumulus Clouds 
a t  t h e  Zenith: Curve, Values Based on Formula (3.17);  
-,Values Based on Ground Measurements, x, Values 
Based on Aircraft Measurements. 

By approximating t h e  cloud frequency with formula (3.19) w e  f i n d  t h a t  
0
i 

2Tr 0 
Z '  - 0.18 min-' o r  0.45 km-'. But it i s  found from t h e  observat ions of 
Z 

increase  i n  c loudiness  towards t h e  horizon (Chapter 111, Sec t ion  1)  t h a t  u z l  = 

= 1 . 2 .  Hence evaluat ion o f  t h e  roo t  mean square dev ia t ion  of t h e  normal random 
su r face  y i e l d s  o = 0.4 km-l .  The l a t t e r  determines t h e  d i s t r i b u t i o n  func t ion  z 
of  t h e  p r o b a b i l i t i e s  o f  a normal random proceSs 

(3.20) 

which, i n  keeping w i t h  m e  model, descr iTes t h e  d i s t r i b u t i o n  of t h e  su r faces  of  
cumulus clouds with inc rease  i n  a l t i t u d e .  In  t h i s  i n s t ance  h ranges from 0 t o  
0 0 ,  while w = a rg  erf [l  - 2n(O)], if n(0) 2 0.5,  o r  w = -arg erf [2n10) - 13, 
i f  n(0)  S 0.5. 

On t h e  b a s i s  of t h e  r e s u l t s  obtained i n  s t u d i e s  of  t h e  s t r u c t u r e  of cumulus 
clouds and i n  keeping with [29] it may be in fe r r ed  t h a t  t h e  a l t i t u d e s  of  t h e  
summits of ind iv idua l  clouds are a l s o  d i s t r i b u t e d  normally. Empirical 
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determinat ion of t h e  d i s t r i b u t i o n  of t h e  summits i n  a l t i t u d e  remains a t a s k  f o r  
subsequent research .  

We employ two-dimensional d i s t r i b u t i o n  func t ions  t o  descr ibe  t h e  d i s t r i b u t i o n  
of coverage of  t h e  d i r e c t i o n  of s i g h t i n g  i n  a c ross -sec t ion  o f  cloud f i e l d s  i n  
t i m e  o r  space. The p r o b a b i l i t i e s  t h a t  t h e  d i r e c t i o n s  of s igh t ing  a t  moments 
separated by i n t e r v a l  t i n  t i m e  (or int .erva1 x i n  space) w i l l  be covered with 
clouds or free of  c louds are expressed r e spec t ive ly  by t h e  formulas 

(3.21) 
and 

I 

(3.22) 

-For t h e  combined p r o b a b i l i t y  of observat ion of clouds a t  a p a r t i c u l a r  moment / lo4  
and t h e i r  absence after time i n t e r v a l  t w e  ob ta in  

P[n(O) ,c(0) 1 f]= P [ c  ( 0 )9 n (0)9 f l  =n (0)- PCn(O),n (01,t3 = 
=[1 -rn(0)( t )1[n(0)-n2(0)I. (3.23) 

Formulas (3.21)-(3.23) have been normalized by t h e  condi t ion 
/ l o 5  

(3.24) 

Figure 43 p resen t s  t h e  ent i re ,  body of two-dimensional func t ions  P[n(O), n(O), 
t ]  obtained by way of experiment. The r e s u l t s  of t h e  empir ical  s t u d i e s  are / l o6
grouped according t o  i n t e r v a l s  An(0) = 0.1.  The broken l i n e s  i n  Figure 43 
r e f l e c t  t h e  p r o b a b i l i t i e s  a t  t h e  ends of i n t e r v a l s  n(0)  ca lcu la ted  on t h e  b a s i s  
of formula (3.21) by use  of  c o r r e l a t i o n  func t ion  (3.,12). 

The two-dimensional p r o b a b i l i t i e s  of t h e  presence o r  absence of  c louds 
f o r  coverage i n t e r v a l  n(0) = 0 . 1  ,to 0.9,  as  ca l cu la t ed  on t h e  b a s i s  of formulas 
(3.21)-(3.23) and (3.12) , are i l l u s t r a t e d  i n  Figures  44 and 45. 

As may be seen from Figures  43-45, t h e  two-dimensional p r o b a b i l i t i e s  of  
t h e  presence o r  absence of  c louds do not  depend on t h e  i n t e r v a l  i f  t > 10 min 
i n  t h e  case  of  ground measurements and r e spec t ive ly  x > 4 km i n  t h e  case of  
a i r c r a f t .  

Sect ion 4.- _-Reepresentation of Cloud Dis t r ibu t ion  over t h e  Sky by Means of 
Eigenfunctions 

The s t a t i s t i c a l  s t r u c t u r e  of t h e  cloud cover i n  a t ime o r  space c ros s -
-sec t ion  of  t h e  cloud f i e l d  has been considered i n  t h e  previous sec t ions .  
However, owing c h i e f l y  t o  t h e  inc rease  i n  c loudiness  towards t h e  horizon, t h e  
v e r t i c a l  c ross -sec t ion  s t r u c t u r e  does no t  co inc ide  with t h e  zen i th  angle  
s t r u c t u r e .  The g r e a t e s t  d i f f e r e n c e s  are observed at  8 > SOo, a t  which t h e  
effect of  shading i s  not iceable .  To determine t h e  parameters of t h e  cloud / lo7  
s t r u c t u r e  i n  t h e  sky w e  apply expansion of t h e  presence of c louds on t h e  b a s i s  
of t h e  optimum eigenvalues  and eigenfunct ions of t h e  co r re l a t ion  matr ix  [ 6 ,  7) .
The c o r r e l a t i o n  mat r ix  elements a r e  represented by t h e  c o e f f i c i e n t s  of c o r r e l a t i o n  
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of t h e  presence o r  absence of  clouds a t  d i f f e r e n t  zen i th  d i s t a n c e s .  I t  i s  t o  be 
noted t h a t  t h e  expansion may be performed not merely on t h e  b a s i s  of t h e  eigen
values  and eigenfunctions of t h e  c o r r e l a t i o n  matrix but on t h a t  of any ortho
gonalized b a s i s  func t ions  as w e l l .  I t  i s  c l e a r ,  however, t h a t  expansion on t h e  
b a s i s  of a r b i t r a r y  orthonormalized funct ions has n e i t h e r  physical  no r  s ta t is t ical  
s ign i f i cance .  From t h e  s ta t i s t ica l  viewpoint expansion on t h e  b a s i s  of t h e  
eigenfunctions of t h e  c o r r e l a t i o n  matrix corresponds t o  expansion t o  the  b a s i s  / l o8
of t h e  most f r equen t ly  encountered combinations. The most f r equen t ly  encountered
eigenfunctions are those t o  which the  l a r g e s t  eigenvalues correspond. 

t h e  
and 
t h e  
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Figure 43. Examples of Two-Dimensional D i s t r ibu t ion  
Functions of Clouds o r  Gaps Calculated on t h e  Basis 
of Formulas (3.21) and ( 3 . 2 2 ) .  

Making use of t h e  r e s u l t s  of t h e  empirical  r e s u l t s  obtained by photographing 
sky we have ca l cu la t ed ,  as a funct ion of zeni th  angle 9, t h e  eigenfunctions
eigenvalues f o r  cloud coverage of t h e  s k y  averaged over t h e  azimuth and f o r  
amount of relative zonal c loudiness .  The normalized c o e f f i c i e n t s  of / l o9  



1’ 	 c o r r e l a t i o n  a t  9 = 5 ,  35, o r  65O with t h e  coverages i n  d i r e c t i o n s  9 = 5-85’ f o r  
coverages of t h e  d i r e c t i o n  of s igh t ing  averaged over t h e  azimuth o r  f o r  r e l a t i v e  
zonal c loudiness  K KSs9 and K656 a r e  presented i n  Figures 46-48. We see  t h a t  

t h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  similar f o r  d i f f e r e n t  observatigns,  and t h a t  

t h e  c o r r e l a t i o n  r ad ius  decreases  with increase i n  zeni th  angle 9 .  The l a t t e r  

circumstance i s  due t o  t h e  averaging over t h e  azimuth and t o  t h e  f a c t  t h a t  t h e  

d i s t ance  i n  space inc reases  with increase i n  t h e  zen i th  angle a t  t h e  same 

zen i th  angle d i s t ance .  I t  i s  t o  be noted t h a t  t h e  small number of experimental 

s t u d i e s  does not permit study of the r e l a t i o n s h i p  of  the  c o r r e l a t i o n  

matrices, as well as of t h e  eigenvalues and eigenfunct ions,  t o  mean zen i th  

coverage n (0) . 


// 

4 NnQn (0)) 

0 5 m t 

Figure 44. Two-Dimensional D i s t r ibu t ion  
Functions of Clouds o r  Gaps Calculated on 
t h e  Basis of Formulas (3.21) and (3.22). 
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Figure 45. Two-Dimensional Distribution Functions of 

Clouds of Gaps Calculated on the Basis of Formula (3.23). 
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Figure 46. Normalized Coefficients of 
Correlafion of Sky Coverage with Cumulus 
Clouds Averaged over the Azimuth at 6 = 
= So with Coverages at 6 = 5-85'. 
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Figure 47. Normalized Coef f i c i en t s  of Corre la t ion  
of Sky Coverage with Cumulus Clouds Averaged over 
t h e  Azimuth a t  6 = 35' with Coverages a t  6 = 5-85'. 

Like t h e  cor re la tcon  c o e f f i c i e n t  (Figures 46-48), t h e  eigenvalues of 
c o r r e l a t i o n  matr ix  A a s  well do not  vary appreciably from observat ion t o  
observat ion.  The eigenvalues and t h e  r e l a t i v e  accuracy of expansion when u s e  
i s  made of  t h e  f i r s t  i t h  components f o r  t h e  coverage of t h e  d i r e c t i o n  of  
s igh t ing  averaged over t h e  azimuth are presented i n  Table 3.  I t  i s  t o  be seen 
t h a t  t h e  f irst  eigenfunct ions cover 65-79O of t h e  d i spe r s ion ,  and t h e  f irst  
3 eigenfunct ions 92-93%. 

The first eigenfunct ions X 1(9) a r e  shown i n  Figure 49. I t  is  t o  be seen 

t h a t  t hey  a r e  c l o s e  t o  each o the r  from case t o  case.  At ten t ion  i s  a t t r a c t e d  by 

t h e  circumstance t h a t  t h e  first eigenfunct ions have maximum values  a t  t h e  

zen i th  and decrease monotonically with inc rease  i n  t h e  zen i th  angle  of observa 

t i o n ,  coming t o  equal zero i n  t h e  v i c i n i t y  of  t h e  horizon. From t h e  phys ica l  /111
-
s tandpoin t  such a course of X 1(9) s i g n i f i e s  t h a t  t h e  reg ion  around t h e  zen i th  

i s  t h e  most f r equen t ly  e i t h e r  completely covered with clouds o r  clouds are 
absent  from it, but t h e  horizon i s  cons tan t ly  covered with clouds.  The 
v a r i a b i l i t y  of t h e  amount o f  c louds decreases  i n  t h i s  case with inc rease  i n  t h e  
zen i th  angles .  The second eigenfunct ion (50) presen t s  i n  some sense a d i s t o r t e d  
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p i c t u r e  of t h e  course of t h e  first eigenfunction, i n  t h a t  t h e  inc rease  o r  decrease 
i n  t h e  amount of clouds at  t h e  zen i th  i s  accompanied by corresponding decrease 
o r  i nc rease  i n  t h e  amount of clouds at t h e  mean zen i th  d i s t a n c e s  (40-60'). The 
t h i r d  eigenfunction descr ibes  a f i n e r  s t r u c t u r e  of cloud cover v a r i a b i l i t y

. . .
based on zeni th  angles (Figure 51). Increase i n  cloudiness a t  t h e  
zen i th  i s  accompanied by simultaneous inc rease  i n  it near t h e  horizon (70') and 
decrease i n  t h e  a rea  6 = 35', and v i c e  versa .  

%,a 

W 

/ 109-

0 3 

Figure 48. Normalized Coef f i c i en t s  of Cor re l a t ion  
of Coverage of t h e  Sky with Cumulus Clouds Averaged 
over t h e  Azimuth a t  8 = 65' with Coverages a t  8 = 
= 5-85'. 

The s i m i l a r i t y  of t h e  eigenfunctions from case t o  case decreases ,  a s  may be 
seen from Figures 49-51, as t h e i r  index number becomes l a r g e r .  This last-named /113 
circumstance i s  q u i t e  n a t u r a l ,  s i n c e  they allow f o r  a f i n e r  v a r i a b i l i t y  s t r u c 
t u r e  which does not recur  from case t o  case.  

The eigenfunctions vary widely s t a r t i n g  with t h e  f o u r t h  and f o r  t h i s  
reason do not lend themselves well  t o  physical  i n t e r p r e t a t i o n .  Inasmuch as they 
a r e  of but small weight i n  t h e  t o t a l  d i spe r s ion ,  we w i l l  not concern ourselves  
with them. 
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The eigenvalues  and eigen
funct ions of  t h e  amount of 
r e l a t i v e  zonal c loudiness  were 
ca l cu la t ed  f o r  t h e  same observa
t i o n s .  The eigenvalues and t h e  
r e l a t i v e  accuracy of  expansion 
are presented i n  Table 4,  t h e  
f irst  k th  components being used 
f o r  t h e  amount of r e l a t i v e  zonal 
c loudiness .  I t  i s  t o  be seen 
t h a t  t h e  weight o f  t h e  first 
eigenfunct ion i s  understated and 
t h a t  of t h e  second exaggerated 
i n  comparison t o  t h e  eigenvalues  

n (01105 

n fO)=Q3 
a9 

nfo)-.ar
as 


... - 1 '  
' + .of t h e  coverage of t h e  d i r e c t i o n0 5 to of  s i g h t i n g  averaged t h e  

Figure 49. F i r s t  Eigenfunctions of  Sky 
Coverage by Cumulus Clouds Averaged over 
Azimuth Versus Zenith Angle 6. 

Figure 50. Second Eigenfunct ions  of 
Coverage of  Sky by Cumulus Clouds 
Averaged over Azimuth Versus Zeni th  
Angle 6. 

over 
azimuth (Table 3 ) .  The first 
t h r e e  e igen fmc t ions  assure  
almost t h e  same expansion 
accuracy i n  t h i s  case. They are 
presented r e spec t ive ly  i n  
Figures 52-54. 

The f irst  eigenfunct ion has 
i t s  maximum a t  a zeni th  angle  
9 = 4S0, decreasing t o  zero a t  
t h e  zeni th  and on t h e  horizon. 
The maximum i s  due t o  t h e  g r e a t e s t  
weight i n  r e l a t i v e  cloudiness  
of t h e  45O zone, t h a t  i s ,  t h e  
v a r i a b i l i t y  of  t h e  r e l a t i v e  
cloudiness  i s  determined c h i e f l y  
by t h e  v a r i a b i l i t y  of t h e  amount 
of  c louds i n  t h e  middle zone 
(9 = 30-60°). The second and 
t h i r d  eigenfunct ions,  l i k e  t h e  
coverage of t h e  d i r e c t i o n  of 
s igh t ing ,  descr ibe  a f i n e r  
s t r u c t u r e  of cloud cover 

-/115 

v a r i a b i l i t y  by zones. Comparison 
of Figures  49-51 with 52-54 
r evea l s  t h a t  t h e  eigenfunct ions 
d i f f e r  more g r e a t l y  among t h e  
ind iv idua l  cases  i n  t h e  l a t t e r  
f i g u r e s  . 

I 
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Figure 51. Third Eigenfunctions of 
Coverage o f  Sky by Cumulus Clouds 
Averaged over Azimuth Versus Zenith 
Angle 6. 

x, 

0.5 
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Figure 52.  F i r s t  Eigenfunctions of 
Amount o f  Re la t ive  Zonal Cloudiness 
Versus Zenith Distance of Zone. 

Sect ion 5. Relat ionships  Among 
S t a t i s t i c a l  C h a r a c t e r i s t i c s  of 
Various Cloudiness Parameters 

Chief ly  t h e  r e s u l t s  of i n v e s t i 
gat ion of t h e  f i n e  s t r u c t u r e  of 
cumulus cloud f i e l d s  have been pre
sented i n  t h e  foregoing. Study has 
been made o f  t h e  s t r u c t u r e  of t h e  
cloud coverage of narrow d i r e c t i o n s  
of s i g h t i n g  and t h e  laws of d i s t r i 
bution o f  t h e  cloud cover over t h e  
s k y  as a func t ion  o f  t h e  zen i th  
angle o f  observat ion.  A t  t h e  same /116 

time, on t h e  one hand it i s  s u f f i c i e n t  i n  meteorology f o r  t h e  s o l u t i o n  of a l a r g e  
number o f  problems t o  c h a r a c t e r i z e  t h e  cloud cover by var ious parameters 
averaged over space, such as t h e  d i s t r i b u t i o n  o f  clouds over individual  zones, 
t h e  amount of t h e  clouds over t h e  e n t i r e  sky, t h e  amount o f  clouds over a 
c e r t a i n  t e r r i t o r y ,  and so f o r t h .  On t h e  o the r  hand, t h e  e n t i r e  a r r a y  of 
parameters required f o r  complete d i s c r i p t i o n  of cloud f i e l d s  i s  not always d e t e r 
mined by way o f  experiment. For example, a t  weather s t a t i o n s  s tudy i s  u s u a l l y  
confined t o  determination o f  t h e  amount and shapes of clouds i n  t h e  sky. In  
our  a i rcraf t  s t u d i e s  instrument measurement was made only of t h e  presence o r  
absence o f  clouds a t  t h e  zen i th  (nadi r )  along t h e  f l i g h t  r o u t e ,  while t h e  amount 
o f  clouds i n  t h e  sky was determined very roughly from t h e  a i r c r a f t  by v i s u a l  
estimate, t h e  r e s u l t s  i n  t h i s  case depending l a r g e l y  on t h e  d i s t a n c e  between t h e  
aircraft  and t h e  cloud l aye r  and so f o r t h .  Hence f o r  t h e  purpose of comprehensive 
d e s c r i p t i o n  o f  cloud s t r u c t u r e  i t  i s  highly e s s e n t i a l  t o  a s c e r t a i n  t h e  r e l a t i o n 
s h i p s  among t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  va r ious  cloudiness parameters. 
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TABLE 3 .  	 EIGENVALUES OF COVERAGE OF DIRECTION OF 
SIGHTING AVERAGED OVER AZIMUTH 

n(0 )  = 0.2 
n =0.5 n= 0.4 n =0.5 n= 0.7 

N =28 

It* s(xi) I I n 0  /110 
~~ 

0.3328 6.5.0 0.4652 78.9 0.28~1 77.5 0.4946 76.3 
0.0966 82.7 0.0553 88.3 0.0341 86.7 0.0728 87.5 
0.0595 93.5 0.0254 92.6 0.0180 91.6 0.0362 93.1 
0.0124 95.6 o.(n19 96.3 0.0117 94.8 0.02oO 96.2 
0.0075 97.2 0.0082 97.7 0.0081 97.0 O.Oo90 97.6 
0.0057 98.2 0.0078 99.Q 0.0067 98.8 0.0078 98.8 
0.0039 99.2 0.0044 99.7 0.0030 99.6 0 . W  99.5' 
0.0003 99.6 0.0018 99.9 0.0011 99.9 0.0032 99.8 
0.0014 100.0 O.ooo6 100.0 O.OOO9 100.0 0.0016 100.0 

TABLE 4 .  EIGENVALUES OF RELATIVE ZONAL CLOUDINESS 
. ~ 

n(0)  = 0.2 
n = 0.5 
N =34 

S(X,)10-21 IiQe 


__ . . . 

I 0.2465 55.0 0.2373 54.9 0.0974 48.6 0.3629 67.4 
2 0.1145 80.8 0.0720 71.6 0.W4 78.4 0.0821 82.5 
3 0.0410 90.7 0.054I 84.0 0.0170 82.3 0.0447 90.9 
4 0.0170 94:5 0.0339 92.0 0.0155 70.0 0.0233 95.3 
5 0.0129 97.2 0.0205 36.5 0.0116 95.4 0.0116 97.4 
6 0.0076 99.0 0.0076 98.6 0.0050 98.0 0.0093 99.0 
7 0.0030 99.7 0.0055 99.9 0.0024 Y9.4 0.0037 99.7 
8 0.0013 99.9 a0034 99.9 o.ooo9 99.9 0.0012 99.9 
9 0.0004 100.0 0.OoOs 100.0 0.0002 100.0 0.0003 1100.0 

Solu t ion  of  t h i s  problem amounts t o  l i n e a r  conversions of t h e  random 
f i e l d s  by averaging with a weighting funct ion (see Chapter 1, Sect ion 4 ) .  

In  what fol lows w e  w i l l  consider  t h e  r e l a t i o n s h i p s  among t h e  d i spe r s ions ,  
au tocor re l a t ion  func t ions ,  and s p e c t r a l  d e n s i t i e s  o f  t h e  amount o f  c louds a t  
t h e  zeni th  with t h e  corresponding s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  t h e  c loudiness  
parameters averaged over space o r  over t h e  sky. Account has  been taken i n  t h i s  
case of t h e  r e l a t i o n s h i p  of  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  parameters such 
as t h e  amount of r e l a t i v e  cloudiness  by zones o r  over t h e  sky t o  t h e  d i s t ance  
between t h e  observer ' s  s t a t i o n  and t h e  lower boundary of t h e  clouds.  

In  de r iv ing  t h e  formulas r e l a t i n g  t h e  s t a t i s t i ca l  c h a r a c t e r i s t i c s  of  
cloud coverage of  t h e  zen i th  t o  t h e  s t a t i s t i ca l  c h a r a c t e r i s t i c s  of t h e  cloudiness  
parameters averaged over space,  w e  s h a l l  assume t h e  cloud f i e l d  t o  be i s o t r o p i c .  
This  r e s t r i c t i o n ,  which i s  i n  keeping with t h e  cur ren t  l eve l  of  our information 
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on cloud f i e l d  s t r u c t u r e  (see Chapter 1, Sect ion 4 ) ,  s u b s t a n t i a l l y  s i m p l i f i e s  /117 
t h e  design equations obtained i n  t h e  following. 

u5 

0 

-a5 

Figure 5 4 .  Third Eigenfunctions o f  
Amount of Re la t ive  Zonal Cloudiness 
Versus Zenith Distance of Zone. 

Figure 53. Second Eigenfunctions of 
Amount of Relat ive Zonal Cloudiness We apply two equal ly  v a l i d  
Versus Zenith Distance of Zone. approaches t o  so lve  t h e s e  problems: 

f i r s t l y ,  averaging of  t h e  s t a t i s t i c a l  
c h a r a c t e r i s t i c s  of t h e  presence of 

clouds at  t h e  zen i th  with weighting funct ions and, secondly, f i l t r a t i o n  of  t h e  
s p e c t r a l  d e n s i t i e s  (see Chapter 1, Sect ion 4 ) .  

1 .  Averaging of  t h e  S t a t i s t i c a l  C h a r a c t e r i s t i c s  of t h e  Presence- of Clouds-
with Weighting Functions 

a. Averaging over Circumferences 

In t h e  case of  averaging over circumferences t h e  mean amounts of clouds on 
circumference R and a t  t h e  zen i th  coincide:  

ZlXR 
1

h=-2nR J n (0)ds =n (0). . ( 3 . 2 5 )  

i n  which d s  i s  an element of t h e  circumference. 
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If t h e  cloud f i e l d  i s  i s o t r o p i c ,  co r re l a t ion  of t h e  presence of  clouds a t  1118 
1 

po in t s  M' and MIt of  t h e  circumference R depends only on d i s t ance  L = d m 
+ (y, - y,)' between them o r  on angular  d i s t ance  cp (Figure 55). This makes it 
poss ib l e  t o  de r ive  from (1.32) a simple formula f o r  t h e  d ispers ion  o f  t h e  amount 
o f  clouds on t h e  circumference: 

(3.26) 

i n  which IJ n (0)9 rn (0)(cp) are t h e  d i spe r s ion  and c o r r e l a t i o n  func t ion  of t h e  
presence o f  clouds a t  t h e  zeni th .  * 

_-

I 

Figure 55. Diagram of Averaging of 
Random Function over a Circumference. 

Calculat ion of  t h e  c o r r e l a t i o n  
func t ion  o f  t h e  amount of  clouds 
on circumferences i s  a more 
labor ious  problem. Let u s  consider  
t h e  general  case ,  i n  which t h e  
averaging i s  performed over circum
ferences  of  d i f f e r e n t  rad iuses  R1 

and R2.  The r ec ip roca l  c o r r e l a t i o n  

funct ion of  t h e  amount of clouds on 
t h e  circumferences is expressed 
by t h e  following formula: 

t
an(@

f n m , n R ,  (0= 4 n ' ~ n  I, 
(3.27) 

TJrn(o,(L)dPi % 
0 0  

i n  which 

L = f R i z + R g + p - ~ R ~ R ~ c o s ( Q ) ~-PI
-2Ril COS 9i+2Rzl COS 9)211", (3.28) 

and u nrl 
and o n a r e  t h e  root  mean square devia t ions  of t h e  amount of clouds on 

r 2  
circumferences of r ad iuses  R 

1 and R 2 .  

In  t h e  general  ca se  formula (3.27) i s  suscep t ib l e  only of numerical i n t e 
g ra t ion .  However, i f ,  f o r  example, t h e  c o r r e l a t i o n  func t ion  of  t h e  presence
of  clouds a t  t h e  zen i th  r 

n ( 0 )  
(L) may be approximated by t h e  even power s e r i e s  

(3.29) 
then formula (3.27) may be in t eg ra t ed  a n a l y t i c a l l y  and w e  f i n a l l y  obta in  
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(3.30) 

i n  which Cm and Cm-k a r e  combinations of m and m-k elements r e l a t i v e  t o  k and i. k i /119 

When R1 = R 2 
= R formula (3.30) i s  s impl i f i ed  and t h e  au tocor re l a t ion  

furiction of t h e  amount of clouds on t h e  circumference assumes t h e  form 

(3.31) 

In t h e  p a r t i c u l a r  case,  i f  R 2  = 0 and Z = 0, we obtain from formula (3.27) 

t h e  following formula f o r  t h e  c o r r e l a t i o n  c o e f f i c i e n t  between t h e  amount o f  
clouds averaged over t h e  circumference an+ t h e  amouqt of clouds a t  t h e  cen te r  

1 


of t h e  circumference: 

(3.32) 

b. Averaging over a C i r c l e  

Since t h e  averaging i s  i n  t h i s  i n s t ance  performed by areas, i n  t h e  ca l cu la 
t i o n s  t h e  m u l t i p l i c i t y  of i n t e g r a t i o n  i s  doubled i n  comparison t o  t h e  averaging 
by circumferences of (3.25) - (3.27). 

In averaging by c i r c l e s  t h e  mean amount of clouds on a circle,  ns(0) ,  

coincides ,  as it does i n  t h e  previous case,  with t h e  amount o f  clouds a t  t h e  
z eni  t h  : 

(3.33) 

In t h i s  instance S = ITR2 i s  t h e  a r e a  of t h e  c i r c l e .  

The d i spe r s ion  of t h e  amount of clouds over a c i r c l e  i s  expressed by t h e  
quadruple i n t e g r a l  

1 
2 

(nR2)Z s 
dx' dy' dx" dy", (3.34)Una= jJJJr (M',) 

s 

which we reduce by means of t h e  conversions proposed i n  [2] t o  t h e  s i n g l e  
i n t e g r a l  

(3.35) /120 
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The r ec ip roca l  c o r r e l a t i o n  funct ion of  t h e  amount of clouds over c i r c l e s  
of a reas  S1 and S 2 i s  a l s o  expressed by a quadruple i n t e g r a l  similar i n  form t o  

t h a t  of formula (3 .34 ) :  

(3 .36)  

i n  which M 1 and M 2 p e r t a i n  r e spec t ive ly  t o  c i r c l e s  of areas SI and S 2 t h e  d i s 

tance between t h e  cen te r s  of which equals 2. 

With S1 = S 2  we reduce t h e  quadruple i n t e r v a l  t o  a double one by t h e  method 

developed i n  [2],  and formula (3 .36)  f o r  t h e  au tocor re l a t ion  funct ion f o r  t h e  
amount of clouds over a c i r c l e  then assumes t h e  form 

and 

i n  which 
@ =arccos-4RZ- F- L= 

e2LI 

and 

- )/12+2L1 cos p+L2 F+2LI cos p+L2 
2R 4R= 

The p r a c t i c a l  ca l cu la t ions  based on formulas (3 .34 ) - (3 .39 )  
ones only. 

- ... . .c .  - . .Averaging over t h e  Sky 

Within t h e  framework of l i n e a r  conversions t h e  i t a t i s t i c a l  

(3 .37)  

(3 .38)  

(3 .39)  

a r e  numerical 

/121  

c h a r a c t e r i s t i c s  
of r e l a t i v e  cloudiness  can be obtained only i n  approximation. No allowance i s  
made i n  t h i s  case f o r  t h e  inc rease  i n  t h e  amount of clouds toward t h e  horizon. 
A s i m p l i f i c a t i o n  such as t h i s  y i e l d s  considerably understated values  f o r  t h e  
amount of r e l a t i v e  cloudiness (see Sect ion 1 of t h i s  chap te r ) .  A t  t h e  same time, 
t h e  d i spe r s ion  of r e l a t i v e  cloudiness  obtained is  only s l i g h t l y  understated and 
t h e  c o r r e l a t i o n  is exaggerated. This is due t o  t h e  low weight of t h e  contr ibut ion 
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made by t h e  zone around t h e  horizon i n  r e l a t i v e  cloudiness  f l u c t u a t i o n s .  Sinc 
t h e  design formulas f o r  t h e  d i spe r s ion  and c o r r e l a t i o n  func t ions  of t h e  amount 
of r e l a t i v e  cloudiness  do not lend themselves t o  s i m p l i f i c a t i o n s ,  it i s  
advisable  t o  c a l c u l a t e  them by t h e  s p e c t r a l  d e n s i t y  f i l t r a t i o n  method. 

The s p e c t r a l  d e n s i t i e s  f o r  t h e  averaged cloudiness  c h a r a c t e r i s t i c s  a r e  
obtained only i n  numerical form, by sub jec t ing  t h e  corresponding corr .e la t ion 
funct ions,  (3.27),  (3.30)-(3.32),  (3.36), and (3.37),  t o  the. Fourier transform. 

2. Spec t r a l  Density F i l t r a t i o n  

a. Averaging over Circumferences~ 

In averaging over circumferences t h e  weighting funct ion f o r  t r a n s i t i o n  from 
zeni th  coverage t o  .the amount of clouds over a circumference i s  of the  form 

(3.40) 

The two-dimensional frequency c h a r a c t e r i s t i c  of t h e  f i l t e r  i s  obtained from t h e  
weighting funct ion by means of t h e  Hankel transform: 

(3.41) 

i n  which J 0 (wR) i s  t h e  zeroth order Bessel funct ion and w i s  t h e  c i r c u l a r  f r e 

quency . 
The two-dimensional s p e c t r a l  dens i ty  of t h e  presence of  clouds a t  t h e  

zen i th  S
2,n(0) 

i s  transformed by m u l t i p l i c a t i o n  by t h e  square of t h e  f i l t e r  

frequency c h a r a c t e r i s t i c  f o r  random funct ions H2 (w) = Hz(u)=G2’(o) 

(3.42) 

The d i spe r s ion  and c o r r e l a t i o n  funct ion of t h e  amount of clouds over t h e  
circumference a r e  determined.by means of t h e  inve r se  Hankel transform from t h e  
formulas 

/122 


(3.43) 


and 

The one-dimensional suectral d e n s i t y  i n  t h e  cloud f i e l d  c ros s - sec t ion  i s  
nbtained by i n t e g r a t i n g  S r e l a t i v e  t o  one frequency component:

2,nR 

- (oR)St.n (0)d ~ *  (3.45)
S f i n  
.-a 
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By averaging over t h e  circumferences of  rad iuses  R 1 and R 2 w e  ob ta in  t h e  

formula f o r  t h e  f i l t e r  of  two-dimensional r ec ip roca l  s p e c t r a l  dens i ty  of t h e  
amount o f  clouds over t h e  circumferences i n  t h e  form 

H 2 ( 0 ,  Rt, R2) =Jo(&t) Jo(oR2). (3.46) 

In  t h i s  case, as with formulas (3.42) and (3.44), t h e  two-dimensional r ec ip roca l  
.densi ty  and t h e  r e c i p r i c a l  c o r r e l a t i o n  func t ion  of  t h e  amount of clouds over t h e  
circumferences are expressed by 

&.aRl.nR, (0)=Jo(wR;) J o ( ~ R ~ ) S ~ . ~ ( O ) ( O ) ,  (3.47) 

(3.48) 

b. Averaging over Circles 

The weighting func t ion  f o r  t r a n s i t i o n  from zeni th  coverage t o  t h e  amount of  
clouds over a c i rc le  i n  po la r  coordinates  r ,  cp i s  expressed by 

(3.49) 

and t h e  s p e c t r a l  dens i ty  f i l t e r  i n  t h i s  case  has t h e  frequency c h a r a c t e r i s t i c  

(3.50) 

i n  averaging over c i rc les  of r ad ius  R ,  and 

(3.51) 

when w e  average over circles of r ad iuses  R 1 and R 2 .  

The f i l t e r e d  two-dimensional s p e c t r a l  d e n s i t i e s ,  d i spers ions ,  co r re l a t ion  
func t ions ,  and one-dimensional f i l t e r e d  s p e c t r a l  d e n s i t i e s  f o r  t h e  amount of 
c louds over a c i r c l e  a r e  obtained as with formulas (3.42)-(3.48).  

c. Averaging over t h e  Sky 

If t h e  screening e f f e c t  i s  disregarded,  t h e  weighting func t ion  f o r  t r a n s i 
t i o n  from zeni th  coverage t o  t h e  amount of r e l a t i v e  cloudiness  i n  po la r  
coord ina tes  assumes t h e  form 

(3.52) 

We see t h a t  t h e  weighting func t ion  f o r  t h e  amount of r e l a t i v e  cloudiness  a l s o  
depends on a l t i t u d e  Z o f  t h e  lower boundary of  t h e  cloud cover. In  t h e  general  
case Z i s  t h e  d i s t ance  between t h e  observer and t h e  clouds.  
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The frequency c h a r a c t e r i s t i c  of  t h e  f i l t e r  .for t h e  weighting func t ion  of /124 
(3 .52)  may be represented i n  t h e  form 

Hz (O )  =e--2z0. (3.53) 

t h e  one and two-dimensional s p e c t r a l  d e n s i t i e s ,  d i spe r s ion ,  and c o r r e l a t i o n  
func t ion  f o r  r e l a t i v e  cloudiness  are obtained as they  are with formulas ( 3 . 4 2 ) 
- ( 3 . 4 8 ) .  

A s  may be seen from t h e  foregoing, a l l  t h e  frequency c h a r a c t e r i s t i c s  of  t h e  
f i l t e r s  are expressed i n  a n a l y t i c a l  terms. A t  t h e  same t i m e ,  t h e  d i spe r s ions ,  
c o r r e l a t i o n  func t ions ,  and one-dimensional s p e c t r a l  d e n s i t i e s  from t h e  two
-dimensional s p e c t r a l  d e n s i t i e s  are obtained only i n  numerical  form. 

I t  i s  t o  be noted t h a t  no general  recommendation may be made as regards  
use o f  t h e  d i r e c t  averaging method o-r t h e  l i n e a r  f i l t r a t i o n  method. The 
choice of method depends on t h e  s p e c i f i c  form of  c o r r e l a t i o n  func t ion .  In  
both ins tances  it is  advisable  t o  approximate t h e  c o r r e l a t i o n  func t ion  i n  order  
t h a t  as many a n a l y t i c a l  ca l cu la t ions  as poss ib l e  may be performed. This makes 
it poss ib le  t o  reduce t h e  e r r o r  (noise)  which i n e v i t a b l y  occurs i n  t h e  case of 
numerical ca l cu la t ions .  

In  approximating t h e  c o r r e l a t i o n  func t ion  w e  must bear  i n  mind t h a t  not  
a l l  o f  t h e  c o r r e l a t i o n  func t ions  o f  t h e  presence of  c loudiness  obtained by way 
o f  experiment may be t h e  c o r r e l a t i o n  func t ion  o f  a two-dimensional i s o t r o p i c  
random f i e l d .  This i s  due t o  t h e  fact t h a t  t h e  t o t a l  number of  func t ions  which 
may be used a s  c o r r e l a t i o n  func t ions  of  i s o t r o p i c  random f i e l d s  i s  always much 
smaller  than t h e  t o t a l  number of func t ions  which may be used as c o r r e l a t i o n  
funct ions f o r  one-dimensional processes  [ 2 7 ] .  

Expanding t h e  c o r r e l a t i o n  func t ion  of t h e  presence of  c loudiness  a t  t h e  
zen'ith i n t o  t h e  series 

i n  which 0 
i (0)  i s  t h e  i t h  d e r i v a t i v e  of t h e  p r o b a b i l i t y  i n t e g r a l ,  f o r  one-

-dimensional and two-dimensional s p e c t r a l  d e n s i t i e s  w e  have r e spec t ive ly  

Formulas ( 3 . 5 3 ) ,  (3.55), and (3 .56)  have been used i n  c a l c u l a t i o n  o f  t h e  
s t a t i s t i ca l  c h a r a c t e r i s t i c s  of r e l a t i v e  cloudiness .  

(3 .54)  

(3 .55 )  

(3 .56)  /125 

Trans i t i on  from s t a t i s t i c a l  c h a r a c t e r i s t i c s  of c loudiness  a t  t h e  zen i th  t o  
averaged ones has been considered i n  t h e  foregoing. 
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With inc rease  i n  t h e  degree of  complexity of conversion t h e  s p e c t r a l  f i l 
t r a t i o n  method is  i n  t h e  ma jo r i ty  of cases known t o  be p re fe rab le  t o  t h e  method 
of  d i r e c t  averaging of  s t a t i s t i c a l  c h a r a c t e r i s t i c s .  The inve r se  t r a n s i t i o n s  
from t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  averaged cloudiness  parameters t o  
s ta t i s t ica l  c h a r a c t e r i s t i c s  of cloud coverage of t h e  zen i th  o r  t r a n s i t i o n  t o  
s ta t i s t ica l  c h a r a c t e r i s t i c s  o f  o the r  averaged parameters of  c loudiness  can be 
accomplished only  by t h e  s p e c t r a l  dens i ty  f i l t r a t i o n  method. The inve r se  
t ransformat ions  always involve g r e a t e r  e r r o r s  than does averaging. 

Formulas (3.25)- (3.56) der ived  i n  t h e  foregoing f u l l y  r e so lve  t h e  problems 
se t  i n  t h i s  s ec t ion .  A l l  t h e  i n t e g r a l s  en ter ing  i n t o  these  formulas can be 
ca l cu la t ed ,  but  de r iva t ion  of t h e  f i n a l  design formulas i n  a n a l y t i c a l  form 
involves  t i r i n g  opera t ions  which i n  t h e  major i ty  of cases it i s  impossible t o  
avoid without numerical i n t eg ra t ion .  The r e s u l t s  of  ca l cu la t ions  based on 
formulas (3.25)-(3.56) and comparison o f  t hese  r e s u l t s  with empir ical  d a t a  w i l l  
be discussed i n  t h e  following sec t ion .  

Sect ion 6. S t a t i s t i c a l  C h a r a c t e r i s t i c s  of Averaged Cloudiness Parameters 

I t  i s  t o  be seen from t h e  formulas der ived i n  t h e  preceding sec t ion  t h a t  
i n  t h e  case of  averaging over  circumferences o r  circles t h e  s t a t i s t i ca l  
c h a r a c t e r i s t i c s  depend on r ad ius  R ,  while t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of 
t h e  amount of  r e l a t i v e  c loudiness  depend on t h e  d i s t ance  between t h e  observer 
and t h e  cloud layer .  I t  i s  t o  be noted t h a t  t h e  coverages of  t h e  d i r e c t i o n s  of 
s i g h t i n g  averaged over t h e  azimuth which were obtained i n  t h e  processing of 
photographs o f  t h e  sky (see  Chapter 111, Sect ion 1) correspond t o  averaging /126 
over circumferences of a r a d i u s  of 

R =Z tarn?, (3.57) 

i n  which Z i s  t h e  d i s t ance  t o  t h e  cloud layer .  In  subsequent ca l cu la t ions  t h e  
mean ra te  of  advance of a cumulus cloud f i e l d  has been assumed t o  be v = 24 
km/hr, t h a t  i s ,  a d i s t ance  on t h e  cloud f i e l d  of 4 km o r  Z = 0.4 t Z corresponds 

t o  a t i m e  i n t e r v a l  of 10 minutes. In  t h i s  case  tZi s  t h e  d i s t ance  i n  minutes 

between t h e  lower boundary of t h e  cloud cover and t h e  su r face  of t h e  Earth 

obtained by means of t h e  congelat ion hypothesis .  We a d d i t i o n a l l y  assume t h a t  

t h e  bases of cumulus clouds a r e  s i t u a t e d  a t  an a l t i t u d e  of  Z = 1 km from t h e  

Ear th ’ s  su r face ,  t h i s  corresponding i n  approximation t o  t h e i r  mean r e a l  a l t i t u d e .  

The r e l a t i o n s h i p s  of t h e  d i spe r s ion  of t h e  amount of clouds on a circumference 

t o  zen i th  angle  6 ( rad ius  R )  , as ca l cu la t ed  with formula (3.26) , a r e  shown i n  /127 

Figure 56 f o r  zeni th  cloud coverages n(0)  = 0.5  and 0 .1  ( 0 . 9 ) .  The experimental  

r e s u l t s  obtained from sky photographs a r e  entered as  dd t s .  Since t h e  d ispers ions  

o f  t h e  presence of  c loudiness  averaged over a circumference have been normalized 

by t h e  d i spe r s ion  of  t h e  presence of  c louds a t  t h e  zen i th ,  t h e  r e l a t i v e  d i s  

pers ions  given a r e  a t  t h e  same t i m e  t h e  c o e f f i c i e n t s  of e f f i c i e n c y  o f  averaging 

over circumferences (see formula (1.22)) .  As i s  shown by Figure 56, i n  t h e  

case of averaging over circumferences t h e  normalized d i spe r s ions  depend only 

s l i g h t l y  on t h e  mean coverage of t h e  zeni th .  Close agreement with t h e  empir ical  

d a t a  i s  observed i n  t h i s  ins tance .  
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Figure 56. Dispersion of Presence of  

Clouds Averaged over Almucantar 

Versus Zenith Angle 6. Curves p l o t t e d  

on t h e  b a s i s  of formula (3.26): 1, 

n(0) = 0.5; 2, n(0) = 0.4 and 0.6. 

Empirical d a t a :  x ,  n(0) = 0.2;  0 ,  


n(0) = 0.3; 0, n(0) = 0.5. 


The d i spe r s ion  of t h e  amount of 
clouds over a c i r c l e ,  as ca l cu la t ed  
from formula (3.34), i s  shown i n  
Figure 57. I t  i s  t o  be seen t h a t  t h e  
r e l a t i v e  d i spe r s ion  of t h e  amount of /128
clouds over a c i r c l e  ( c o e f f i c i e n t  of  
averaging e f f ec t iveness )  decreases  
somewhat more slowly with decrease i n  
t h e  r ad ius  ( z e n i t h  angle) than does 
t h e  d i spe r s ion  of t h e  amount of clouds 
over a circumference. A s  with t h e  
d i spe r s ion  with t h e  amount of clouds 
over a circumference, c l o s e  agreement 
i s  observed i n  t h i s  i n s t ance  between 
t h e  t h e o r e t i c a l l y  ca l cu la t ed  values  
of t h e  d i spe r s ion  of  t h e  amount of 
clouds over a c i r c l e  and the  empirical  
d a t a  ( the  d o t s  i n  t h e  graph),  as well 
as s l i g h t  dependence on t h e  mean 
coverage of t h e  zeni th .  I t  i s  t o  be 
noted t h a t  t h e  empirical  d a t a  on t h e  
d i spe r s ion  of  t h e  amount of  clouds 
over a circumference and over a c i r c l e  
have been obtained on t h e  b a s i s  of 
photographs of t h e  sky. Hence a t  
zen i th  angles  6 > S O 0 ,  when t h e  shading 
i s  appreciable ,  understated values  
a r e  obtained from t h e  sky photograph 
f o r  t h e  d i spe r s ion  of t h e  amount of 

clouds over a circumference and over a c i r c l e  i n  comparison t o  those ca l cu la t ed  
from formulas (3.26) and (3.34). 

The normalized d i spe r s ion  ( c o e f f i c i e n t  of e f f i c i ency)  of the  amount of 
r e l a t i v e  cloudiness  depends only on t h e  a l t i t u d e  of t h e  lower boundary of t h e  
cloud cover and on t h e  mean coverage of t h e  zeni th .  

Making use of frequency c h a r a c t e r i s t i c  (3.53),  approximation (3.54) ,  and 
inve r se  Hankel transform (3.54), we obtain f o r  t h e  d i spe r s ion  of t h e  amount of 
r e l a t i v e  cloudiness  

In t h i s  formula S0 is t h e  Struve funct ion,  N0 t h e  Neumann func t ion ,  and 

Cr=-	2 [ W ’ ( O ) ] Z  

3t ( i - I ) !  * 
(3.59) 

Figure 58 i l l u s t r a t e s  t h e  course of d i spe r s ion  of t h e  amount of r e l a t i v e  
cloudiness  a t  mean zen i th  coverages n(0) = 0.5 and 0.1 (0.9)  ca l cu la t ed  by t h e  
s p e c t r a l  d e n s i t y  f i l t r a t i o n  method. I t  i s  t o  be seen t h a t  t h e  normalized d i s 
pers ion of t h e  amount of r e l a t i v e  cloudiness  a l s o  depends only s l i g h t l y  on t h e  
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mean coverage of t h e  zeni th .  A t  Z = 0 t h e  d i spe r s ion  of t h e  amount of  r e l a t i v e  
cloudiness approximates t h e  d i spe r s ion  of t h e  amount of clouds a t  t h e  zeni th .  
They coincide i f  t h e  cloud thickness  is s l i g h t ,  t h a t  i s ,  h * 0. According t o  
t h e  c a l c u l a t i o n s  (Figure 58),  t o  an observer on t h e  ground ( Z  = 1 km) t h e  

d i spe r s ion  of t h e  amount of r e l a t i v e  cloudiness is  8-10% of t h e  d i spe r s ion  of  

t h e  presence of clouds a t  t h e  zeni th .  . A t  t h e  same time, it has been found by 

experimental s t u d i e s  with a sphe r i ca l  mirror  t h a t  t h e  dispers ion of t h e  r e l a t i v e  

cloudiness  i s  f o r  individual  observations 3-13% of t h e  dispers ion of t h e  presence 

of clouds a t  t h e  zeni th .  As may be seen, t h e r e  i s  e n t i r e l y  s a t i s f a c t o r y  agree 

ment between t h e  measured and t h e  ca l cu la t ed  r e l a t i v e  cloudiness d i spe r s ions . 

I f  i n  c a l c u l a t i o n s  based on formula (3.58) t h e  c o r r e l a t i o n  funct ions of t h e  /130 

individual  observations a r e  used i n  p l ace  of t h e  c o r r e l a t i o n  funct ion averaged 

over t h e  observat ions,  t h e  agreement between t h e  measured and t h e  ca l cu la t ed  

r e l a t i v e  cloudiness d i spe r s ions  i s  g r e a t l y  improved i n  comparison t o  t h e  d a t a  

given i n  t h e  foregoing. 


0.5 

0 30 60 90 

Figure 57. Dispersion of Amount of Absolute Cloudiness 
Averaged over C i r c l e s  Versus Angular Radius 6 a t  Z = 1 
km. Curves p l o t t e d  on t h e  b a s i s  of formula (3.34).: 1, 
n(0) = 0.1; 2 ,  n(0) = 0.4 and 0.6. Empirical data:  
x ,  n(0) = 0.2 ;  0 ,  n(0) = 0.3; 0, n(0) = 0.5. 

The c o r r e l a t i o n  funct ions f o r  t h e  amount of clouds over a circumference 
and f o r  t h e  amount of r e l a t i v e  cloudiness have been calculated by t h e  s p e c t r a l  
dens i ty  f i l t r a t i o n  method. To a s c e r t a i n  t h e  leve l  of noise  i h  ca l cu la t ion  t h e  
c o r r e l a t i o n  func t ions  of t h e  amount of clouds over a c i r c l e  have been 
ca l cu la t ed  both by t h e  s p e c t r a l  d e n s i t y  f i l t r a t i o n  method and by averaging t h e  
c o r r e l a t i o n  funct ion of t h e  presence of clouds a t  t h e  zeni th .  Both methods /131
yielded i d e n t i c a l  r e s u l t s ,  with a divergence of l e s s  than 0.5%. Figures 59-61 
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show r e s p e c t i v e l y  t h e  c o r r e l a t i o n  func t ions  f o r  t h e  amount of clouds over a 
circumference, a c i r c l e ,  and t h e  sky. I t  is t o  be seen t h a t  i n  averaging over 
circumferences t h e  c o r r e l a t i o n  is greater than i n  averaging over c i r c l e s  having 
t h e  same rad iuses ,  while t h e  c o r r e l a t i o n  funct ion of t h e  amount of  r e l a t i v e  
cloudiness  approximates t h e  c o r r e l a t i o n  funct ion obtained i n  averaging over a 
c i r c l e  of a r ad ius  of R = Z tan 60' (see Figures 60 and 61) .  
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Figure 58. Dispersion of Amount of  
Relat ive Cloudiness Versus Height of  
Lower Boundary of Clouds (Z i n  km o r  
t

Z 
i n  Min): 1, n(0) = 0.1; 2 ,  n(0) = 

= 0.4-0.6. 

The weight of t h e  higher 
frequencies i s  reduced by 
averaging i n  s p e c t r a l  d e n s i t i e s .  
The e f f e c t  of averaging on t h e  
s p e c t r a l  d e n s i t y  i s  c l e a r l y  
i l l u s t r a t e d  by Figure 62, 
which shows t h e  two-dimensional 
s p e c t r a l  c h a r a c t e r i s t i c s  of 
t h e  f i l t e r s  ca l cu la t ed  with 
formulas (3.46),  (3.50) and 
(3.53). The frequency 
c h a r a c t e r i s t i c s  of a l l  t b e  
f i l ters  decreases  smoothly 
with inc rease  i n  t h e  frequency. 
The most abrupt drop is  
exhibi ted i n  t h i s  case by t h e  
c h a r a c t e r i s t i c s  of t h e  f i l t e r  
f o r  t r a n s i t i o n  from r e l a t i v e  
cloudiness ,  and t h e  g e n t l e s t  
s lope by t h e  c h a r a c t e r i s t i c s  
of t h e  f i l t e r  corresponding 
t o  averaging over c i r c l e s .  
More r ap id  dec l ine  of t h e  
frequency c h a r a c t e r i s t i c  of 
t h e  f i l t e r  with inc rease  i n  
frequency denotes g r e a t e r  
smoothing of  t h e  higher  f r e 
quencies,  t h a t  i s ,  a f i l t e r  
such as  t h i s  averages b e t t e r .  

/132 


The one-dimensional s p e c t r a l  d e n s i t i e s  of t h e  presence of clouds a t  t h e  
zeni th  were given i n  Figures 38 and 39, but t h e  frequency c h a r a c t e r i s t i c s  of 
t h e  f i l t e r  ca l cu la t ed  from formulas (3.46), ( 3 . 5 0 ) ,  and (3.53) may be applied 
only t o  two-dimensional spec t r a ;  hence f o r  t h e  sake o f ' c l a r i t y  we present  i n  
Figure 63 t h e  one-dimensional and two-dimensional s p e c t r a l  d e n s i t i e s  of the 
presence of  clouds a t  t h e  zen i th  ca l cu la t ed  on t h e  b a s i s  of approximation 
formulas (3.55) and (3.56). 

The one-dimensional spe'ctral  d e n s i t i e s  of t h e  presence of  clouds at  t h e  
zen i th  and t h e  amount of r e l a t i v e  cloudiness obtained by t h e  f i l t r a t i o n  method 

-/133 

a r e  shown i n  Figure 64. We s e e  t h a t  f requencies  above w 2 0.4 min-l a r e  absent 
from t h e  s p e c t r a l  d e n s i t i e s  of r e l a t i v e  cloudiness ,  t h a t  i s ,  a s u b s t a n t i a l  
con t r ibu t ion  i s  made by frequencies  w < 0.4 min-l f o r  per iods of a du ra t ion  of 
more than 16 minutes. I t  i s  t o  be noted t h a t  we have not t hus  far determined t h e  

90 



-- 

c o r r e l a t i o n  funct ions and s p e c t r a l  d e n s i t i e s  of t h e  amount of r e l a t i v e  cloudiness /134-
by experiment. I t  follows from t h e  foregoing t h a t  when it i s  necessary t o  
determine t h e  c o r r e l a t i o n  funct ion and s p e c t r a l  d e n s i t i e s  of t h e  amount of  
r e l a t i v e  cloudiness by way of experiment t h e  optimum time i n t e r v a l  between 
readings i s  longer than 2 minutes. 

I 

. -
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Figure 59. Autocorrelat ion Functions of Amount of 
Absolute Cloudiness Averaged over Almucantar Versus 
t i n  min o r  x i n  km: 1, Correlat ion Function of  
Presence of Clouds a t  t h e  Zenith a t  n(0) = 0.4-0.6; 
2 ,  6 = 3 0 ° ,  n(0) = 0.1; 3 ,  6 = 30°, n(O> = 0.4-0.6; 
4 ,  6 = 60°, n(0)  = 0.1; 5 ,  6 = 60°, n(0) = 0.4-0.6. 

Comparison of t h e  d i spe r s ions ,  c o r r e l a t i o n  func t ions ,  and s p e c t r a l  d e n s i t i e s  
i n  averaging over circumferences and c i r c l e s  r e v e a l s  t h a t  averaging over circum
ferences i s  t h e  more e f f e c t i v e .  The method of processing photographs of t h e  s k y  
i s  based on t h e  last-named circumstance (see Sect ion 1 of t h i s  chap te r ) .  /135 

Sect ion 7,--Relationships Between S t a t i s t i c a l  Cloud C h a r a c t e r i s t i c s  and Turbulence _____ - - - _ - - 
._ Level of  C-loudsS t r u c t u r e  _at-t h e._ 

Since t h e  genesis ,  development, and d i s i n t e g r a t i o n  of cumulus clouds i s  
c l o s e l y  associated with t h e  v e r t i c a l  flows of a i r  a t  t h e  l e v e l  of t h e  clouds and 
i n  t h e  v i c i n i t y  of t h i s  l e v e l ,  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of cloud coverage /136 
of t h e  zeni th  may be u t i l i z e d  f o r  i n d i r e c t  assessment of t h e  s t a t i s t i c a l  
s t r u c t u r e  of t h e  v e r t i c a l  components of t u rbu len t  flows a t  t h e  l e v e l  of t h e  
lower boundary of t h e  cloud cover. 
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Figure 60. Autocorrelation Functions of Amount of  
Absolute Cloudiness Averaged over Circles Versus t 
in min or x in km: 1, Correlation Function of 
Presence of Clouds at the Zenith at n(0) = 0.4-0.6; 
2, 6 = 3 0 ° ,  n(0) = 0.1; 3 ,  6 = 3 0 ° ,  n(0) = 0.4-0.6; 
4, 6 = 60°, n(0) = 0.1; 5 ,  6 = 60°, n(0) = 0.4-0.6. 

-
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Figure 61. Autocorrelation Functions of Amount of Relative 
Cloudiness Versus t in min: 1, n(0) = 0.1; 2, n(0) = 0.4-0.6. 

92 




“““I 


I 2 zw 
.. - ~ 

- T

05  ru Wf 

Figure 62. Two-Dimensional Spec t r a l  C h a r a c t e r i s t i c s  of 
F i l t e r s  f o r  Averaging of Amount of Clouds Versus w i n  
Min-l o r  Versus Z : 1, Over Hemisphere; 2 ,  Over C i r c u m 

w 
ference a t  6 = 60’; 3,  Over Circle a t  6 = 60°; 4 ,  Over 
Circumference a t  6 = 45O; 5, Over Circle a t  9 = 45’. 

L e t  us  consider t h e  s implest  model of d i s t r i b u t i o n  of t h e  v e l o c i t i e s  of 
ve r t i ca l  a i r  motion near t h e  lower boundary o f  cumulus clouds.  F o r  t h i s  purpose 
w e  assume t h a t  flows of constant  speed d i r e c t e d  upward a r e  observed within t h e  
l i m i t s  of t h e  v i s i b l e  bases  of t h e  clouds,  and flows d i r e c t e d  downward between 
t h e  clouds.  I t  can e a s i l y  be seen t h a t  f o r  t h i s  model t h e  c o r r e l a t i o n  funct ions 
and s p e c t r a l  d e n s i t i e s  of t h e  v e r t i c a l  wind speed components f u l l y  coincide 
with t h e  corresponding c h a r a c t e r i s t i c s  of t h e  presence o r  absence of clouds a t  
t h e  zen i th  ( see  Sect ion 2 of  t h i s  chap te r ) .  The d e s c r i p t i o n  provided by such 
a model as t h i s  of t h e  v e r t i c a l  turbulence component i s  of course very approxi
m a t  e. 

The f e w  s t u d i e s  conducted up t o  t h e  present  time of t h e  s t r u c t u r e  of 
turbulence i n  t h e  case of cumulus clouds [67-721 have shown t h a t  t h e  v e r t i c a l  
speeds of tu rbu len t  flows are very chaot ic  i n  d i s t r i b u t i o n  both within clouds and 
ou t s ide  them. Ascending and descending ve r t i ca l  flows are observed i n  t h i s  
i n s t ance  both i n  t h e  clouds and i n  t h e  gaps between them. On t h e  average t h e  
c ros s - sec t ion  o f  ascending flows i n  a cloud are always smaller than  t h e  area of 
t h e  base of t h e  cloud, represent ing only 50-80% of i t .  .At t he  same time, 
descending flows ou t s ide  a cloud a r e  observed c h i e f l y  around a cloud with a 
c ros s - sec t ion  approximately &palling t h e  area of t h e  base  of t h e  cloud. The 
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maximum of t h e  v e r t i c a l  flow speeds i n  a cloud i s  only s l i g h t l y  co r re l a t ed  with 
t h e  dimensions of t h e  base of t h e  l a t te r  [70]. High ver t ical  flow speeds are 
observed both i n  small and i n  l a r g e  cumulus clouds.  

0 90 60 90 G, 

Figure 63. Spec t ra l  Dens i t ies  of t h e  Presence of 
Clouds a t  t h e  Zenith Calculated with Formulas 
(3.55) and (3.56) Versus C i rcu la r  Frequency w i n  
min- l .  One-dimensional s p e c t r a l  d e n s i t i e s  : 1, 
when n(0)  = 0.1; 3 ,  when n(0) = 0.4-0.6. Two
-dimensional s p e c t r a l  d e n s i t i e s :  2 ,  n(0)  = 0.1; 
4, when n(0)  = 0.4-0.6. 

Analysis of t h e  experimental  s t u d i e s  of t u rbu len t  s t r u c t u r e  r evea l s  t h a t  
i n  order  t o  obta in  more p l a u s i b l e  information on turbulence it i s  necessary 
i n  t h e  proposed problem t o  abandon t h e  assumption t h a t  t h e  v e r t i c a l  flows are 
constant  i n s i d e  and outs ide  clouds.  The experimental  measurements made by us  
of t h e  presence of clouds unfor tuna te ly  conta in  no information on t h e  v e r t i c a l  
speeds a t  t h e  l eve l  of t h e  clouds.  Hence we employ as t h e  next approximation a /137
model i n  which t h e  v e r t i c a l  tu rbulence  component over t h e  c ross -sec t ion  of  t h e  
cloud f i e l d  i s  yielded by a continuous random funct ion  by t h e  r e s t r i c t i o n  of 
which a r e l a y  s igna l  i s  obtained descr ib ing  t h e  presence of  clouds a t  t h e  
zen i th  ( see  Chapter I ,  Sec t ion  6) .  T rans i t i on  from t h e  s t a t i s t i ca l  c h a r a c t e r i s t i c s  
of t h e  presence of clouds a t  t h e  zen i th  t o  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  
v e r t i c a l  turbulence speed is  accomplished by means of  t h e  algori thms der ived i n  
Sect ion 2 of  t h i s  chapter ,  on t h e  assumption t h a t  t h e  continuous random process  
i s  a normal one. But it fol lows from what has been sa id  t h a t  t h e  d i s t r i b u t i o n  
o f  v e r t i c a l  v e l o c i t i e s  must be normal. The conversion employed by us  of  t h e  
r e l a y  s i g n a l  t o  a continuous func t ion  conta ins  i n s i g n i f i c a n t  e r r o r s  even when t h e  
continuous process  d i f f e r s  g r e a t l y  from a normal one [28-301. 
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Figure 64. One-Dimensional Spec t r a l  Dens i t i e s  of t h e  
Presence of Clouds at  t h e  Zenith: 1, When n(0)  = 0.1; 
2 ,  when n(0) = 0.4-0 .6  and with Relative Cloudiness; 
3 ,  When n(0) = 0.1; 4 ,  When n(0) = 0.4-0.6, as a Function 
o f  C i r c u l a r  Veloci ty  o i n  Min-l. 

By approximating t h e  c o r r e l a t i o n  funct ions of t h e  presence of clouds a t  t h e  
zeni th  with formula (3.12) we f i n d  t h a t  t h e  exponent of t h e  s p e c t r a l  d e n s i t y  of 
t h e  continuous process i s  0 . 5 7  l a r g e r  than t h e  exponent of t h e  s p e c t r a l  d e n s i t y  
of t h e  presence o f  clouds (see Chapter 111, Section 2 ) .  The exponent f o r  
t h e  s p e c t r a l  d e n s i t y  of t h e  v e r t i c a l  turbulence speed i s  consequently l a r g e r  
than 5/3 according t o  our i n d i r e c t  measurements and ranges from 1.97 t o  2.17. 
This agrees  c l o s e l y  with t h e  r e s u l t s  of empirical  s tudy o f  t he  s t r u c t u r e  of v e r t i c a l  
flow speeds over t h e  c ros s - sec t ion  of a cloud cover [ 7 0 ] ,  according t o  which t h e  
exponent equals 2.04, with a roo t  mean square e r r o r  of 0.15. 

I t  a l s o  follows from t h e  r e s u l t s  of [70] t h a t  t h e  low-frequency component 
accounts f o r  a l a r g e  p a r t  of t h e  energy i n  t h e  s p e c t r a l  d e n s i t y  of t h e  v e r t i c a l  
speeds, and t h e  per iods corresponding t o  it a r e  comparable t o  t h e  l i n e a r  
dimensions of t h e  clouds.  This  l a t t e r  circumstance i s  apparent ly  due t o  
generat ion of v e r t i c a l  flow speeds by t h e  release of l a t e n t  h e a t .  
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The predominance of low frequencies i n  t h i s  speed spectrum a l s o  explains  
t h e  c l o s e  agreement between our  r e s u l t s  and those  of [70]. 

/138According t o  t h e  r u l e  e s t ab l i shed  by A. M. Obukhov, departure  of t h e  -
exponent f o r  t h e  s p e c t r a l  d e n s i t y  of t h e  v e r t i c a l  wind speed component from t h e  
value of  5/3 i n d i c a t e s  a r r i v a l  of energy from ou t s ide  [27], f o r  example, through 
t h e  release o f  l a t e n t  hea t .  For t h i s  reason t h e  s t a g e  of development, t h a t  is ,  
t h e  rates of growth o r  d i s i n t e g r a t i o n  of cumulus cloud f i e l d s ,  may. be determined 
on t h e  b a s i s  of t h i s  departure  value.  

I t  i s  t o  be noted t h a t  t h e  r e s u l t s  of t h i s  s e c t i o n  a r e  highly t e n t a t i v e  
and hypothet ical  i n  nature .  For t h e  purpose of comprehensive study of t h e  
p o s s i b i l i t i e s  of e x t r a c t i n g  from measurements of t h e  o p t i c a l  p r o p e r t i e s  of t h e  
cloud cover information on turbulence a t  t h e  cloud l e v e l  it i s  necessary t o :  
conduct'combined simultaneous experimental s t u d i e s  of t h e  o p t i c a l  p r o p e r t i e s  
of t h e  cloud cover i t s e l f  and of  turbulence and i t s  a l t i t u d e .  

96 


-.-----. .I.-- I._". .-... 11-1- ....,.,-.I I .1"1 I 1 . 1 1  I I I l l 1  111 .I I 111 1.1 I 1  I 1  I I 111..11 11.11 I I 



CHAPTER I V .  STOCHASTIC STRUCTURE OF SHORTWAVE /139 
RADIATION FIELDS OF THE CLOUD ATMOSPHERE 

Sect ion 1. Relat ionship Between t h e  S t a t i s t i c a l  C h a r a c t e r i s t i c s  o f  t h e  Cumulus 
Cloud_ _Fie ld  and t h e  Radiation F ie ld  o f  t h e  Atmosphere 

The r a d i a t i o n  condi t ions o f  t h e  atmosphere when cumulus clouds are present  
are determined i n  t h e  first approximation by t h e  d i s t r i b u t i o n  o f  clouds over 
t h e  sky, t h e  coverage o f  t h e  Sun by clouds,  and t h e  mean r e l a t i o n s h i p  of cloud 
and sky br ightness  between clouds t o  t h e  zen i th  angle. By use  o f  t h e  information 
on t h e  s t a t i s t i ca l  s t r u c t u r e  of cumulus clouds,  t o  t h e  s tudy o f  which Chapter 
111 was devoted, it i s  poss ib l e  t o  ascertain t h e  b a s i c  p a t t e r n s  o f  v a r i a t i o n  i n  
r a d i a t i o n  f luxes .  

A t  zeni th  d i s t ances  of t h e  sun smaller than SOo, a t  which the  apparent 
coalescence o f  clouds i s  small, t h e  v a r i a b i l i t y . o f  d i r e c t  s o l a r  r a d i a t i o n  i n  
t i m e  is  s imilar  t o  the  v a r i a b i l i t y  of cloud coverage of  t h e  zenith.  However, 
the  comparison of t h e  recordings o f  d i r e c t  r a d i a t i o n  and of t h e  presence of 
clouds obtained r e spec t ive ly  i n  measurement with an actinometer and with a low-
- i n e r t i a  narrow-angle d e t e c t o r  show t h a t  t he  v a r i a b i l i t y  of d i r e c t  s o l a r  r a d i a t i o n  
can be descr ibed only i n  approximation by a t r a i n  of  r ec t angu la r  pu l se s .  Aside 
from t h e  cases of absence o f  d i r e c t  r a d i a t i o n  (when t h e  Sun i s  covered with clouds) 
and of t o t a l  r a d i a t i o n  f l u x  ( the re  being no clouds i n  the  v i c i n i t y  of t he  Sun), 
a s i t u a t i o n  i s  a l s o  observed (over 12-15% of t h e  durat ion o f  observation) i n  
which t h e  d i r e c t  r a d i a t i o n  f l u x  has an intermediate  value.  The intermediate  
gradat ions of t h e  d i r e c t  r a d i a t i o n  f l u x  a r e  due t o  various f a c t o r s .  F i r s t l y ,  
t he  Sun may be p a r t l y  covered with clouds o r  covered by o p t i c a l l y  t h i n  p a r t s  of 
clouds; secondly, t h e  considerable  i n e r t i a  of t h e  actinometer smooths out  t he  /140

abrupt changes i n  r a d i a t i o n ;  and t h i r d l y ,  b r i g h t  edges of clouds may enter  t he  

f i e l d  of view of t he  instrument.  The v a r i a b i l i t y  of t h e  d i r e c t  r a d i a t i o n  f l u x  

measured by t h e  actinometer i s  s tud ied  i n  d e t a i l  i n  [73]. Taking i n t o  account 

t he  i n e r t i a  of t h e  actinometer (see Chapter I ,  Section 3 ) ,  t he  frequency of 

appearance of clouds i n  i t s  f i e l d  of view (see Chapter 111, Sect ion 3 ) ,  t h e  

viewing angle of t he  actinometer [74],  and t h e  p r o b a b i l i t y  dens i ty  of d i r e c t  

r a d i a t i o n  [73] ,  w e  f i n d  t h a t  approximately 1 2 %  of t h e  intermediate  values of 

d i r e c t  r a d i a t i o n  i s  accounted f o r  by the  transparency of the  o p t i c a l l y  t h i n  

p a r t s  of clouds, 10%by p a r t i a l  coverage of t he  Sun’s d i s c  with clouds,  42% 

by actinometer i n e r t i a ,  and 36% by t h e  edges o.f clouds en te r ing  t h e  f i e l d  o f  

view of t h e  actinometer.  


O f  t h e  estimates made t h e  g r e a t e s t  e r r o r  cha rac t e r i zes  t h e  r o l e  of o p t i c a l l y  
t h i n  edges of clouds,  which a r e  t h e  most v a r i a b l e  and depend on t h e  v a r i a b i l i t y  
of c loudiness  from observat ion t o  observation. This r e q u i r e s  f u r t h e r  more 
d e t a i l e d  empirical  s t u d i e s .  

The a n a l y s i s  made i n  t h e  foregoing i n d i c a t e s  t h a t  of t h e  differences between 
t h e  r e s u l t s  of measurements performed by means o f  narrow-angle d e t e c t o r s  and 
actinometers about 20% are accounted f o r  by t h e  transparency of clouds and 
80% by o t h e r  f a c t o r s .  On t h e  b a s i s  of measurements o f  t h e  presence of clouds 
made with narrow-angle d e t e c t o r s  it i s  consequently poss ib l e  t o  determine t h e  
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s t r u c t u r e  of  t h e  v a r i a b i l i t y  o f  d i r e c t  r a d i a t i o n  with smaller e r r o r  t han  by 
measurement of  d i r e c t  r a d i a t i o n  with t h e  actinometer.  As has a l s o  been demon
s t r a t e d  i n  [73] ,  t h e  f i c t i t i o u s  t ransparence may be el iminated from t h e  r e s u l t s  
of measurements with t h e  act inometer  i n  t h e  course of  processing by s k i l l f u l  
choice o f  t h e  cutoff level.  This  a l s o  s u b s t a n t i a t e s  t h e  use  of  t h e  r e s u l t s  o f  
direct r a d i a t i o n  measurements f o r  i nd ica t ion  o f . c l o u d  coverage of  t h e  sky i n  
t h e  d i r e c t i o n  of  t h e  Sun (Chapter 111, Sect ion 2 ) .  

The s t r u c t u r e  of s c a t t e r e d  r a d i a t i o n  v a r i a b i l i t y ,  as with t h e  r e l a t i o n s h i p s  
among cloud c h a r a c t e r i s t i c s  (Chapter 111, Sect ion S), i s  l i n e a r l y  r e l a t e d  t o  
t h e  v a r i a b i l i t y  i n  br ightness  a t  t h e  zeni th .  In  t h i s  case as w e l l  w e  assume 
t h e  br ightness  f i e l d s  t o  be i s o t r o p i c  i n  space. We a l s o  assume t h a t  with 
f l u c t u a t i o n  i n  br ightness  i t s  i n d i c a t r i x  does not  vary  e i t h e r  f o r  c louds o r  
f o r  t h e  clear sky between clouds.  

On t r a n s i t i o n  from t h e  b r igh tness  of  t h e  zeni th  t o  s c a t t e r e d  r a d i a t i o n  
t h e  weighting func t ion  assumes t h e  form 

i n  which 64 is  t h e  mean descending f l u x  of  s c a t t e r e d  r a d i a t i o n  and In(S) ,  Ic(S) 

i s  t h e  r e l a t i o n s h i p  of t h e  mean cloud br ightnesses  and clear sky t o  t h e  zeni th  
angle.  In  t h e  first approximation w e  assume weighting func t ion  (4.1) t o  be 
i s o t r o p i c ,  t h a t  i s ,  w e  d i s regard  t h e  r e l a t ionsh ip  of b r igh tness  t o  t h e  azimuth. 
I t  i s  t o  be noted t h a t ,  
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on t h e  one hand, t h e r e  i s  a t  t h e  present  t i m e  no informa
t i o n ,  e i t h e r  empir ical  o r  t h e o r e t i c a l ,  with which t o  a l low f o r  t h e  r e l a t i o n s h i p
of sky br ightness  t o  t h e  azimuth i n  t h e  presence of  cumulus clouds.  On t h e  
o the r  hand, t h e  f l u x  of s c a t t e r e d  r a d i a t i o n  as a va lue  averaged over t h e  sky 
does not  conta in  t h e  f i n e  s t r u c t u r e  of  br ightness  v a r i a b i l i t y  f o r  ind iv idua l  
zen i th  d i r e c t i o n s .  Hence t o  ascertain t h e  bas i c  p a t t e r n s  of  s c a t t e r e d  r a d i a t i o n  
weighting func t ion  (4.1) may be appl ied  t o  t h e  s ta t i s t ica l  c h a r a c t e r i s t i c s  of 
cloud coverage of t h e  zeni th ,  f o r  which t h e  most complete a r r a y  of  empir ical  
s t u d i e s  i s  ava i l ab le  a t  t h e  present  t i m e  (see Chapter 111).  This  l a t te r  circum
s t ance  means t h a t  f o r  a l l  zen i th  d i r e c t i o n s  of  s igh t ing  within t h e  l i m i t s  o f  
c louds,  as w e l l  as i n  t h e  gaps between them, t h e  br ightness  i s  cons tan t  and i t s  
v a r i a b i l i t y  i n  t ime o r  i n  space may be simulated by means of a "rect" s i g n a l .  
We effect t r a n s i t i o n  from t h e  s t a t i s t i c s  of t h e  br ightness  a t  t h e  zen i th  t o  t h e  
s t a t i s t i c s  of t h e  sca t t e red  r a d i a t i o n  f l u x  by der iv ing  t h e  s p e c t r a l  charac
ter is t ics  of  f i l t e r s  f o r  t h r e e  forms of r e l a t ionsh ip  of mean b r igh tness  t o  
t h e  zen i th  angle.  

If t h e  sky br ightness  does not  depend on t h e  zen i th  
c h a r a c t e r i s t i c s  of t h e  f i l t e r  f o r  t r a n s i t i o n  from zeni th  
r a d i a t i o n  f l u x  i s  expressed by 

az2
Hz(o)=7(oZ)Z[H1(1)(jwZ) 12? 

i n  which H,(l)(juZ) i s  t h e  th i rd -o rde r  Bessel func t ion  of  

(Hankel func t ion) .  
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angle  t h e  s p e c t r a l  
b r ightness  t o  s c a t t e r e d  

(4.2) 
t h e  f i c t i t i o u s  argument 



Formula (4.2) was obtained by means of t h e  Hankel transform from t h e  /142 
weighting funct ion i n  po la r  coordinates 

2 2  
u(R)= n ( Z " + R 2 ) 2  ' 

(4.3) 
i n  which Z i s  t h e  d i s t a n c e  between t h e  lower boundary of t h e  cloud cover and thb  
l e v e l  of observation, and R i s  t h e  r ad ius  on t h e  cloud f i e l d ,  which i s  r e l a t e d  

It o  zen i th  angle 9 by t h e  equation t g  9 = R/Z. 

If t h e  mean sky br ightness  decreases i n  t h e  d i r e c t i o n  of t h e  horizon i n  /
propor t ion  t o  cos 9, t h e  weighting funct ion f o r  t h e  t r a n s i t i o n  from zen i th  
b r igh tness  t o  s c a t t e r e d  r a d i a t i o n  f l u x  i s  nf t h e  form I 

There corresponds t o  t h e  l a t t e r  f i l t e r  s p e c t r a l  c h a r a c t e r i s t i c  

H2 (0)=(02sI ) 2p-*o=, (4.5) 
According t o  t h e  formulas of G. V. Rozenberg [32], t h e  course of sky br ightness  
f o r  o p t i c a l l y  t h i c k  cloud l a y e r s  is  proport ional  t o  (1/3 + cos 9). 

The weighting funct ion i s  i n  t h i s  case expressed by i
I 

and t h e  s p e c t r a l  cha rac t e r<< t i c  of t h e  f i l t e r  corresponding t o  it by ' I
I '  

I
On inc rease  i n  b r igh tness  toward t h e  horizon i n  proportion t o  sec  8 t h e  

weighting funct ion and t h e  s p e c t r a l  c h a r a c t e r i s t i c  of t h e  f i l t e r  f o r  t r a n s i t i o  
from zen i th  br ightness  t o  s c a t t e r e d  r a d i a t i o n  f l u x  coincide with t h e  

' funct ions of t h e  t r a n s i t i o n  from presence of clouds a t  t h e  zeni th  t o  r e l \ a t ive  

cloudiness  (see formulas ( ' 3 . 5 2 )  and (3.53)).  The f i l t e r  s p e c t r a l  charac e r i s t i  s 

obtained a r e  presented i n  Figure 65, which a l s o  i l l u s t r a t e s  t h e  course ok t h e  \

f i l t e r  c h a r a c t e r i s t i c  f o r  t r a n s i t i o n  from t h e  presence of clouds a t  t h e  zen i th  I 


t o  r e l a t i v e  cloudiness .  The t r a c e  of t h e  c h a r a c t e r i s t i c s  o f  t h e  first t h r e e  1 /143 

f i l t e r s  i s  v i r t u a l l y  t h e  same. I t  i s  t o  be observed t h a t  t h e  increase i n  l  

cloudiness  toward t h e  horizon was disregarded i n  de r iva t ion  of formulas (4.2)- ! 


- (4 .7) ,  as i n  a n a l y s i s  of t h e  r e l a t i o n s h i p s  among t h e  s ta t i s t ica l  cloudiness  

c h a r a c t e r i s t i c s  (Chapter 111, Section 5) .  In t h e  majori ty  of cases  t h e  weighting 

funct ions f o r  t r a n s i t i o n  from zen i th  br ightness  t o  s c a t t e r e d  r a d i a t i o n  f l u x  

decrease with the  zeni th  angle more than cos 9 times f a s t e r  than does t h e  

weighting funct ion f o r  t r a n s i t i o n  from cloud coverage of t h e  zen i th  t o  r e l a t i v e  

cloudiness .  Thus because of  t h e  r e l a t i v e l y  low weight of  t h e  zone around t h e  /144


7

horizon disregard of t h e  inc rease  i n  t h e  amount of clouds toward t h e  horizon 
has no appreciable  e f f e c t  on t h e  accuracy of determination of  t h e  d i spe r s ion ,  
c o r r e l a t i o n  funct ion,  and s p e c t r a l  dens i ty .  

If t h e  b r igh tness  decreases with inc rease  i n  t h e  zen i th  angle i n  proport ion 
t o  cos 9, t h e  simple form of  f i l t e r  c h a r a c t e r i s t i c  (4.5) permits d e r i v a t i o n  of a 
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formula f o r  t h e  d i spe r s ion  of  s c a t t e r e d  r a d i a t i o n  i n  a n a l y t i c a l  form. By using 
t h e  two-dimensional s p e c t r a l  d e n s i t y  of t h e  presence of clouds at  t h e  zen i th  
i n  t h e  form of (3.55), we can express t h e  required d i spe r s ion  as t h e  sum of 
t h e  i n t e g r a l s  

(4.8) 

i n  which 

Ci= 2[W)(0) 1-2 
n(i- l).! 
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0 1 2 to 
t ~ ~. -~- ~ 1 - 

0 0.4 08 ut 
Figure 65. Two-Dimensional Spec t r a l  C h a r a c t e r i s t i c s  
of F i l t e r s  Versus C i rcu la r  Frequency w i n  Min-l o r  
Z for  T rans i t i on  from Presence of Clouds a t  t h e  

w 
Zenith t o  Re la t ive  Cloudiness 1 and from Zenith 
Brightness t o  Scat tered Radiation Flux, i f  2,  I(&) = 
= cons?; 3,  I (6)  - cos 6; 4,  I(9) - (1/3 + cos 6). 

After t h e  i n t e g r a t i o n ,  having set w = aZ, it is convenient t o  w r i t e  out 
t h e  d i spe r s ion  i n  t h r e e  p a r t s :  

i n  which 

(4.10) 
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uL=4nw 2 Ci 2ire1-xiw[St(2iw)-NNi(2iw)]+ 
i=1.3,5. ... 

(4.11) 

and So, S1, S 2 are t h e  Struve func t ions  and No,  N1, N 2 t h e  Neumann func t ions .  

The r e l a t i o n s h i p  of t h e  d i spe r s ion  of s ca t t e r ed  r a d i a t i o n  i n  zeni th  
br ightness  d i spe r s ion  u n i t s  t o  t h e  a l t i t u d e  of t h e  cloud cover Z ,  with Q = 0.3, /145 
0.4, as ca l cu la t ed  from formulas (4.9)-(4.12),  is  i l l u s t r a t ‘ ed  i n  Figure 66 .  

1.0 

0 ’- --I 

I 2 2 

T ~ 

2.5 5 t -
Figure 66. Rela t ive  Dispersion of Sca t te red  Radiation 
Versus Al t i t ude  of Cloud Cover (Z i n  km, tZi n  Min), as 

Calculated with Formulas (4.9)-(4.12):  1, Q = 0.4; 2 ,  
c1 = 0 . 3 .  

We must po in t  ou t  t h a t  c1 = 0.3, 0.4 corresponds t o  a zeni th  coverage of 
n(0)  = 0.4 o r  0.6 and 0.1 o r  0.9 (see Chapter 111, Sect ion 2 ) .  I t  i s  to be 
seen t h a t  t h e  d i spe r s ion  of s c a t t e r e d  r a d i a t i o n  depends but l i t t l e  on t h e  mean 
coverage of t h e  zeni th .  In  add i t ion ,  t h e  course of t h i s  r e l a t i o n s h i p  with 
inc rease  i n  t h e  d i s t ance  between t h e  observer and t h e  cloud cover i s  similar t o  
t h e  course o f  d i spe r s ion  f o r  r e l a t i v e  cloudiness .  
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The c o r r e l a t i o n  funct ion of  t h e  t o t a l  r a d i a t i o n  as t h e  sums of t h e  f luxes  
of d i r e c t  and s c a t t e r e d  r a d i a t i o n  may be represented i n  the.form 

U’SrS ( 1 )  + a ’ d D  ( t )+oSULJ[ rs.D (f)$ r D , s  ( I )] , *  (4.13) /146r * ( t ) = - - . .  . -

U2Q 

i n  which 02Q = o2 + a2 + 20
S

0DrS,D 
i s  t h e  d i spe r s ion  of t h e  t o t a l  r a d i a t i o n ,  os2 

S D 
i s  t h e  d i spe r s ion  of d i r e c t  r a d i a t i o n  onto t h e  ho r i zon ta l  su r f ace ,  and r

S,D 
and 

r
DYS 

are t h e  r ec ip roca l  c a l c u l a t i o n  funct ions f o r  d i r e c t  and s c a t t e r e d  r a d i a t i o n .  

I t  i s  t o  be noted t h a t  t h e  s ta t i s t ics  of t h e  t o t a l  r a d i a t i o n  may a l s o  be 
expressed by s p e c t r a l  d e n s i t i e s  SS (w ) ,  SD (w) and r ec ip roca l  s p e c t r a l  d e n s i t i e s  

’S,D ’ ’D ,S (w) of d i r e c t  and s c a t t e r e d  r a d i a t i o n  

SQ( w )  = 
n%sS(w) + 0 2 r S ’ D ( W )  + o S ~ L J l ~ S , D ( ~ d )  

(4.14)
+ s I , , S ( < U )  J 
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o r ,  s i n c e  t h e  random processes r ep resen t ing  v a r i a b i l i t y  S and D a r e  s u b s t a n t i a l ,  

1 .  . (4.15) 

The r ec ip roca l  c o r r e l a t i o n  funct ions and s p e c t r a l  d e n s i t i e s  en te r ing  i n t o  
formulas (4.13)-(4.15) may e i t h e r  be derived from d i r e c t  experiments or may be 
obtained by t h e o r e t i c a l  c a l c u l a t i o n s  (see t h e  following s e c t i o n ) .  

The Scat tered r a d i a t i o n  d i spe r s ion  appearing i n  formulas (4.13) - (4.15) is  
gene ra l ly  r e l a t i v e l y  small (see Sect ion 4 of t h i s  chap te r ) .  Hence t h e  c o r r e l a t i o n  
func t ion  and s p e c t r a l  d e n s i t y  of t h e  t o t a l  r a d i a t i o n  i s  determined c h i e f l y  by 
t h e  c o r r e l a t i o n  funct ion o r  s p e c t r a l  d e n s i t y  of t h e  d i r e c t  r a d i a t i o n  and t h e  
r e c i p r o c a l  c o r r e l a t i o n  funct ion o r  s p e c t r a l  dens i ty  of t h e  d i r e c t  and t h e  
s c a t t e r e d  r ad ia t ion .  

Examination has been made i n  t h e  foregoing of t h e  r e l a t i o n s h i p s  between t h e  
s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  presence of clouds a t  t h e  zen i th  and t h e  
s t a t i s t i c a l  c h a r a c t e r i s t i c s  of f l uxes  of d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n ,  
but f o r  t h e  ene rge t i c s  of t h e  atmosphere, and i n  p a r t i c u l a r  for ca lcu la t ions  
based on formulas (4.13)-(4.15),  it i s  important t o  know t h e  r e l a t i o n s h i p s  among 
t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n ,  and 
t h e s e  we w i l l  now undertake t o  analyze. 

Sect ion 2. TZl_eoretical Analysis of RelationzhiTs___I____c~ . - Among S t a t i s t i c a l  Charac- /147 
-- __ D-irect , Scatte-r-ed=-,- _.-____t e r i s t i c s - -of F l u x e s o f  - and Total  Radiation 

- .  

I t  was demonstrated i n  t h e  preceding sec t ion  t h a t  t h e  s t a t i s t i c a l  charac
t e r i s t i c s  of d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n  a r e  i n  t h e  first approxi
mation unambiguously r e l a t e d  t o  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of the  presence 
of clouds a t  t h e  zeni th .  Hence t h e  r ec ip roca l  c o r r e l a t i o n  func t ions  of t h e  
f l u x e s  can be obtained by using t h e  r e l a t i o n s h i p s  a t  t h e  outputs  of s eve ra l  
l i n e a r  conversion systems ( d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n ) ,  when t h e  same 
random process (presence of clouds a t  t h e  zeni th)  operates  a t  t h e  inpu t s  [22].  
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This problem may be solved by two equal ly  v a l i d  methods: f i r s t l y ,  averaging 
with t h e  corresponding weighting funct ions of t h e  c o r r e l a t i o n  funct ion of t h e  
presence of  clouds at  t h e  zeni th ,  and secondly, by f i l t r a t i o n  of t h e  s p e c t r a l  
d e n s i t y  of t h e  presence of clouds a t  t h e  zeni th  by means of t h e  appropriate  
f i1ters . 

In seeking t h e  r e l a t i o n s h i p s  between d i r e c t  and s c a t t e r e d  r a d i a t i o n  w e  
employ t h e  second method, which r evea l s  t h e  e s s e n t i a l  na tu re  of t h e  transforma
t i o n  more c l e a r l y .  

The r ec ip roca l  s p e c t r a l  dens i ty  of d i r e c t  and s c a t t e r e d  r a d i a t i o n  is 
obtained by f i l t r a t i o n  of t h e  two-dimensional s p e c t r a l  d e n s i t y  of  t h e  presence 
of clouds at t h e  zeni th .  This f i l t r a t i o n  can be accomplished by means of t h e  
square roo t  of t h e  corresponding s p e c t r a l  c h a r a c t e r i s t i c  of t h e  f i l t e r  f o r  
s c a t t e r e d  r a d i a t i o n  i n  (4 .2) ,  (4.5) , and (4.7) ,  t h a t  i s ,  :s , . , ( f ) ,=v~2( f )+B2( t ) ,  

The two-dimensional s p e c t r a l  d e n s i t i e s  of d i r e c t  and s c a t t e r e d  r a d i a t i o n  
a r e  expressed by 

(4.16) 

(4.17) 

(4.18) 

f o r  i s o t r o p i c  b r igh tness ,  i f  t h e  br ightness  descreases  i n  proport ion t o  cos 8 
and,1/3 + cos 6 with inc rease  i n  t h e  zen i th  angle. 

The normalized r e c i p r o c a l  c o r r e l a t i o n  funct ion of d i r e c t  and t o t a l  r a d i a t i o n  1148 
i s  of t h e  form 

There correspond t o  t h e  
c a l  s p e c t r a l  d e n s i t i e s  

and 

OD 
fs.Q ( t )=-us * 

r S ( t )  + - r S . D ( t ) .  

UQ (JQ (4.19) 

l a t t e r  t h e  one-dimensional and two-dimensional r ec ip ro -

US O D  
s s , ~ ( W ) =  - - s s ( W ) - - - G Y  

O Y  
- s S . D ( w ) ,  (4.20) 

(4.21) 

On t h e  analogy of formula (4.19) t h e  r ec ip roca l  c o r r e l a t i o n  funct ion of 
s c a t t e r e d  and t o t a l  r a d i a t i o n  i s  of t h e  form 

(4.22) 

Fromthe l a t t e r  w e  ob ta in  t h e  one-dimensional and two-dimensional s p e c t r a l  
dens ities 
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(4.23) 

and 

(4.24) 

The roo t  m ea5n square dev ia t ion  of t o t a l  r a d i a t i o n ,  
OQ 

appearing i n  formulas 

(4.19)-(4.23) i s j expres sed  by t h e  d i spe r s ions  and roo t  mean square dev ia t ions  of  
d i r e c t  and sca t td red  r a d i a t i o n  with t h e  formula 

UQ= ~ U 2 S + ~ 2 D + 2 0 S a D r S D  (0)] 

I t  i s  t o  be seen from formulas (4.14), (4.19)-(4.24) t h a t  t h e  c o r r e l a t i o n  
funct ion and t h e  s p e c t r a l  d e n s i t y  of t h e  t o t a l  r a d i a t i o n  f l u x ,  as well  as t h e  
r ec ip roca l  correqat ion func t ions  and r ec ip roca l  s p e c t r a l  d e n s i t i e s  of t h e  f l u x  
of d i r e c t  and t o t a l  r a d i a t i o n  and of s c a t t e r e d  and t o t a l  r a d i a t i o n ,  may be 
determined i f  t h e  c o r r e l a t i o n  funct ions and s p e c t r a l  d e n s i t i e s  of d i r e c t  and 
s c a t t e r e d  r a d i a t l o n ,  t h e  r ec ip roca l  c o r r e l a t i o n  funct ion and r e c i p r o c a l  s p e c t r a l  
d e n s i t y  of d i r e c t  and s c a t t e r e d  r a d i a t i o n ,  and t h e  d i spe r s ions  f o r  d i r e c t ,  
s c a t t e r e d ,  and t e t a l  r a d i a t i o n  are known. 

Since i n  t h e  d e r i v a t i o n  of formulas (4.16)-(4.18) it was assumed t h a t  t h e  /149 
weighting funct ion ( d i s t r i b u t i o n  of br ightness  over t h e  sky) does not depend on 
t h e  azimuth, t h e  r ec ip roca l  c o r r e l a t i o n  funct ions obtained i n  theory a r e  even. 
As a r e s u l t  t h e  r ec ip roca l  s p e c t r a l  d e n s i t i e s  a r e  r e a l  r a t h e r  than complex 
funct ions.  In t h i s  i n s t ance  t h e  s p e c t r a l  d e n s i t i e s  a r e  symmetrical, t h a t  i s ,  
t h e  r e l a t i o n s  

S S , D ( W )  =SD,S ( W ) ,  

SQ.D(0)= S D . Q  (01, 
S S . Q  (0)=&.s ( w ). (4.25) 

are v a l i d  f o r  both one-dimensional and two-dimensional spec t r a .  I t  follows t h a t  
coherence.C(w) equals u n i t y  f o r  a l l  cases  of r ec ip roca l  s p e c t r a l  d e n s i t y  (see 
formula (1.12)).  Under n a t u r a l  condi t ions t h e  atmosphere i s  nonisotropic  and t h e  
weighting funct ion accord ingly  depends on t h e  azimuth and i n  add i t ion  extends i n  
t h e  d i r e c t i o n  of t h e  Sun. Hence t h e  empir ical ly  determined r ec ip roca l  spec t r a  
are always complex, and t h e  c o e f f i c i e n t  of coherence i s  always smaller  than 
u n i t y  (see Sect ion 4 of t h i s  chap te r ) .  

The s ign i f i cance  of t h e  imaginary p a r t  of t h e  r e c i p r o c a l  s p e c t r a ,  as well  
as the d i f f e rence  between t h e  measured coherence and u n i t y ,  may be u t i l i z e d  f o r  
evaluat ion of t h e  Val-idity of t h e  t h e o r e t i c a l  formulas f o r  d e s c r i p t i o n  of t h e  
statistical s t r u c t u r e  of  r a d i a t i o n  f luxes  and t h e  s t r u c t u r e  of  clouds i n  t h e  
real atmosphere der ived i n  Sect ion 5, Chapter 111, and i n  Sect ions 1 and 2 of 
t h i s  chapter.  The d e r i v a t i o n  of  formulas f o r  q u a n t i t a t i v e  evaluat ion remains a 
task f o r  t h e  f u t u r e .  

L e t  u s  now proceed t o  a n a l y s i s  of t h e  r e s u l t s  of  t h e  empirical  s t u d i e s .  
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Sect ion 3. -Empi r i ca l  Data on V a r i a b i l i t y  of Fluxes of D i rec t ,  Sca t t e red ,  and 
Total  Radiation 

For t h e  purposes of empirical  study of  t h e  v a r i a b i l i t y  i n  t i m e  and space of  
r a d i a t i o n  f l u x  f i e l d s  i n  t h e  case of  t h e  cloud cover t h e  f luxes  of d i r e c t ,  
s c a t t e r e d ,  and t o t a l  r a d i a t i o n  were recorded on t h e  ground and t h e  f luxes  of 
t o t a l  and r e f l e c t e d  r a d i a t i o n  from a i r c r a f t  (see Chapter 11). Up t o  t h e  present  /150 
w e  have obtained 273 observat ions,  of which 103 ground measurements and 23 a i r 
craft measurements have been f u l l y  processed. In view of t h e  fact t h a t  t h e  
v a r i a b i l i t y  of t h e  d i r e c t  r a d i a t i o n ' f l u x  of t h e  Sun i s  very  near t h a t  of t h e  
presence o f  clouds on t h e  l i n e  of  s i g h t  (see Section 1 of t h i s  chapter and 
Chapter 111), i n  t h i s  s ec t ion  we-sha l l  concern ourselves  c h i e f l y  with discussion 
of t h e  r e s u l t s  of study of  t h e  f luxes  of s c a t t e r e d  arid t o t a l  r a d i a t i o n .  

To e l iminate  t h e  inf luence of  t h e  d iu rna l  v a r i a t i o n  i n  t h e  s c a t t e r e d  
r a d i a t i o n  f l u x  a n a l y s i s  was made of t h e  dimensionless value D* = D/DO, i n  which 

D 0 is t h e  mean d iu rna l  v a r i a t i o n  i n  t h e  s c a t t e r e d  r a d i a t i o n  of a cloudless  sky 

as ca l cu la t ed  from t h e  empirical  formula 

D0=0.I90m$~ -0.033, (4.26) 

derived i n  [75] on t h e  b a s i s  of d a t a  of t h e  Tartu act inometr ic  s t a t i o n .  In t h i s  
formula % is  t h e  mass of atmosphere i n  t h e  d i r e c t i o n  of t h e  Sun. 

The d iu rna l  v a r i a t i o n  and t o t a l  r a d i a t i o n  were eliminated i n  a s i m i l a r  
manner. Analysis was made of t h e  dimensionless value Q* = Q/Qo i n  which Qo is  

t h e  mean d iu rna l  v a r i a t i o n  i n  t h e  poss ib l e  t o t a l  r a d i a t i o n  of a cloudless  sky 
f o r  a given calendar day i n  Tartu,  as ca l cu la t ed  with t h e  formula given i n  [76] 

(4.27) 

In t h i s  formula S0 i s  t h e  s o l a r  constant  and g a c o e f f i c i e n t  depending on t h e  

o p t i c a l  thickness  of t h e  atmosphere i n  t h e  d i r e c t i o n  of t h e  Sun and on t h e  
albedo of t h e  underlying surface.  I t  i s  t o  be noted t h a t  formula C4.27) has 
been employed i n  many s t u d i e s  [17, 771 t o  e l iminate  t h e  inf luence of t h e  d iu rna l  
v a r i a t i o n  i n  ana lys i s  of t h e  v a r i a b i l i t y  of t o t a l  r a d i a t i o n .  

The r e l a t i v e  f l u x  of t o t a l  r a d i a t i o n  Q* over t h e  i n t e r v a l  n = 0.2 - 1.0 
undergoes l i n e a r  decrease with inc rease  i n  r e l a t i v e  cloudiness [Figure 67). 

The d i spe r s ion  of t h e  r e l a t i v e  f l u x  of d i r e c t  r a d i a t i o n  i s  expressed by t h e  /151 
d i spe r s ion  of t h e  presence of clouds,  by t h e  r e l a t i o n  

(4.28) 

Hence, a s  with t h e  d i spe r s ion  of t h e  presence of clouds,  t h e  d i spe r s ion  of 
r e l a t i v e  d i r e c t  r a d i a t i o n  i s  a t  t h e  maximum when n ( 9 d  = 0.5 and decreases with 

inc rease  o r  decrease i n  cloud coverage i n  t h e  d i r e c t i o n  of t h e  Sun, coming t o  
equal zero i f  n ( 9 d  = 1 o r  n(9@ = 0 ) .  
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The v a r i a b i l i t y  of t o t a l  r a d i a t i o n  i s  determined c h i e f l y  by t h e  v a r i a b i l i t y  
of  lthe d i r e c t  r a d i a t i o n  i n  t h e  case of cumulus clouds. This i s  t o  be seen from 
Table 5, i n  which t h e  d i spe r s ions  of d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n  are 
presented  f o r  3 observations.  The t o t a l  r a d i a t i o n  d i s p e r s i o n  a l s o  has a maximum 
at  n(&@) = 0.5 and decreases with inc rease  o r  decrease i n  t h e  mean cloud coverage 

o f  t h e  Sun. Figure 68 shows t h e  roo t  means square dev ia t ion  of t o t a l  r a d i a t i o n  
QF p l o t t e d  aga ins t  t h e  amount of  re la t ive cloudiness.  As may be seen,  i t s  
maximum i s  s i t u a t e d  around n = 0.6. A mean coverage of t h e  Sun (zeni th)  of 
n(0) = 0.5 corresponds approximately t o  t h e  la t ter  va lue  (see Chapter 111, Sect ion 
1 ) .  Unlike t h e  d i r e c t  radiat i ,on,  t h e  roo t  mean square dev ia t ion  of t o t a l  
r a d i a t i o n  does not approach zero on t r a n s i t i o n  from v a r i a b l e  t o  unbroken clouds.  /153 
When n = n(0) = 1 t h e  roo t  mean square dev ia t ion  of t o t a l  r a d i a t i o n  i s  determined 
by t h e  v a r i a b i l i t y  of s c a t t e r e d  r a d i a t i o n .  This circumstance explains  t h e  
asiymmetrical course of uQ" as a funct ion of  t h e  amount of clouds r e l a t i v e  t o  

n(0) = 0.5. 
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Figure 67. Mean Relat ive Flux of Total  Radiation 
Versus Mean Amount of Cumulus Clouds (Ground 
Measurements) . 
TABLE 5. RELATIVE DISPERSION OF RADIATION FLUXES. / 152-

.-- -___~. 

4-6 c u  1 7-8 Cu 
-~ - I .. . 

7.66 * 10-1 6.80 - 10-1 
8.75 - 10-1 8.25 * 10-1 
1.71 - 10-2 3.12 * 10-2 

1.31 * 10-1 1.77 * 10-1 

1.13 * IO-' 1.45 10-1 
2.26-10-1 2.90 - 10-1 
3.10 10-1 3.56- 10-1 
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Figure 68. Root Mean Square Deviation of Re la t ive  To ta l  
Radiation Ver.sus Mean Amount o f  Cumulus Clouds (Ground 
Measurements) . 

The c o e f f i c i e n t  of v a r i a t i o n  i n  t o t a l  r a d i a t i o n  (Figure 69) undergoes l i n e a r  
increase with increase i n  t h e  amount of r e l a t i v e  cloudiness up t o  approximately 
n = 0.7,  and then begins t o  decrease,  a t  n = 1 coming t o  equal t h e  corresponding 
c o e f f i c i e n t  of v a r i a t i o n  f o r  a cloudy sky ( sca t t e red  r a d i a t i o n  with n = 1 ) .  

The d i s t r i b u t i o n  func t ions  of t h e  r e l a t i v e  f luxes  were ca l cu la t ed  f o r  t h e  
observat ions of  d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n  i n  time. The p r o b a b i l i t y  
d i s t r i b u t i o n  func t ions  of d i r e c t  r a d i a t i o n  have been s tudied i n  d e t a i l  i n  [73] ,  
and t h e  p r o b a b i l i t y  d e n s i t y  of  t o t a l  r a d i a t i o n  i s  presented i n  [ 7 7 ] .
t h e  p r o b a b i l i t y  d e n s i t i e s  a r e  given i n  Figures 70-72. 

Examples of 
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Figure 69. Coef f i c i en t  of Variat ion i n  Mean Total  Radiation Flux 
Versus Mean Amount of Cumulus Clouds (Ground Measurements). 
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A s  may be seen from Figure 70, t h e  p r o b a b i l i t y  d e n s i t y  of t h e  f l u x  of /154 
s c a t t e r e d  r a d i a t i o n  f o r  cumulus clouds i s  monomodal and extends i n  t h e  d i r e c t i o n  
of l a r g e  r e l a t i v e  f luxes,  t h e  more s o  the  g r e a t e r  i s  t h e  amount of r e l a t i v e  
cloudiness .  A t  t h e  same time, t h e  d i s t r i b u t i o n  funct ion widens as t h e  amount 
of c loudiness  increase?. The elongat ion o f  t h e  p r o b a b i l i t y  d e n s i t y  i n  t h e  
d i r e c t i o n  of l a r g e  flux% i s  apparent ly  due t o  t h e  n o n l i n e a r i t y  of t h e  r e l a t i o n 
s h i p  between the  o p t i c a l  thickness and the  cloud b r igh tness  ( f o r  f u r t h e r  
d e t a i l s  see  Sect ions 5, 6 of  Chapter I and Sect ion 6 of t h i s  chap te r ) .  

A t  t h e  same time, t h e  p r o b a b i l i t y  d e n s i t y  of t o t a l  r a d i a t i o n  f o r  cumulus 
clouds is  gene ra l ly  bimodal i n  form [77] (Figures 71 &nd 72).  In t h i s  instance 
t h e  first mo’de corresponds t o  small values  Q* (when t h e  Sun i s  covered with 
clouds).  The second mode i s  determined by t h e  d i r e c t  and s c a t t e r e d  r a d i a t i o n  
(when t h e  Sun i s  not covered with clouds) .  With inc rease  i n  t h e  amount of  
clouds t h e  p r o b a b i l i t y  of t h e  first mode inc reases  and t h a t  of t h e  second 
decreases .  This circumstance i s  due t o  t h e  decrease i n  t h e  du ra t ion  of sunshine /155 
with inc rease  i n  t h e  amount of clouds.  

ptD‘ 
2 

b 
I 

‘1 
I 2 I 2 

C 

I 2 3 4 d 
Figure 70. Examples of P robab i l i t y  Density of Re la t ive  
Sca t t e red  Radiation f o r  Cumulus Clouds (Ground Measure
ments): a, n = 0.3-0.4; b, n = 0.4-0.6; c ,  n = 0.7-0.8.  

The inf luence of t h e  d i r e c t  r a d i a t i o n  d i s t r i b u t i o n  funct ion on t h e  t o t a l  
r a d i a t i o n  d i s t r i b u t i o n  funct ion i s  c l e a r l y  i l l u s t r a t e d  by Figure 72, which shows 
t h e  p r o b a b i l i t y  d e n s i t i e s  of f l uxes  of d i r e c t  and t o t a l  r a d i a t i o n  f o r  t h e  same 
observation. 

I t  is  f u r t h e r  t o  be noted t h a t  t h e  d i s t r i b u t i o n  funct ions of f luxes  of ,156s c a t t e r e d  and t o t a l  r a d i a t i o n  coincide i n  t h e  extreme case, t h a t  is ,  f o r  un- 
broken clouds. This i s  confirmed by comparison of Figures 70 and 73, which 
show t h e  p r o b a b i l i t y  d e n s i t i e s  of t o t a l  r a d i a t i o n  f o r  unbroken Sc clouds. 
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Figure 71. Examples of P robab i l i t y  Density of 
Relat ive Total  Radiation f o r  Cumulus Clouds 
(Ground Measurements): a, n = 0.2 ;  b, n = 0.8
-0.9. 

In  accordance with t h e  t h e o r e t i c a l  arguments advanced i n  Sect ions 5 and 6 
of Chapter 3 and i n  Sect ion 1 of t h i s  chapter ,  t h e  c o r r e l a t i o n  function of t h e  
s c a t t e r e d  r a d i a t i o n  f l u x  f o r  cumulus clouds i s  similar t o  t h e  c o r r e l a t i o n  
funct ion o f  r e l a t i v e  cloudiness ,  but decreases somewhat more r a p i d l y  with 
displacement i n  time. This i s  confirmed by Figure 74, i n  which t h e  c o r r e l a t i o n  
funct ion of r e l a t i v e  cloudiness i s  presented along with t h e  c o r r e l a t i o n  funct ions 
of s c a t t e r e d  r a d i a t i o n  f o r  individual  observations.  This c o r r e l a t i o n  funct ion 
of r e l a t i v e  cloudiness was ca l cu la t ed  with t h e  formulas given i n  Section 5, 
Chapter 111. The considerable  d i spe r s ion  of t h e  empir ical ly  determined co r re l a 
t i o n  funct ions of t h e  s c a t t e r e d  r a d i a t i o n  f l u x  i s  i n  a l l  p r o b a b i l i t y  due, i n  
add i t ion  t o  t h e  e r r o r s  i n  determination of t h i s  r a d i a t i o n ,  a l s o  t o  poss ib l e  
d i f f e r e n c e s  i n  b r igh tness  s t r u c t u r e  and t o  t h e  v a r i a b i l i t y  from observation t o  
observat ion i n  t h e  mean amount of clouds and mean wind speed a t  t h e  a l t i t u d e  of 
t h e  clouds.  

Examples of t h e  c o r r e l a t i o n  funct ions derived by us of t h e  t o t a l  r a d i a t i o n  
f l u x ,  averaged over t h e  observations and grouped as a funct ion of t h e  amount of 
clouds i n  t h e  sky, are presented i n  Figure 75. Comparison of Figures 75 and 36, 
i n  which t h e  c o r r e l a t i o n  funct ions f o r  d i r e c t  r a d i a t i o n  ( t h e  presence of clouds) 
are given, r e v e a l s  t h a t  t h e  c o r r e l a t i o n  funct ions a r e  similar so long as t h e  
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amount of cumulus clouds n G 0.7,  0.8 (n(0) < 0.6-0.7). On inc rease  i n  t h e  
amount of clouds (n > 0.8) t h e  t o t a l  r a d i a t i o n  c o r r e l a t i o n  funct ion approaches 
t h e  s c a t t e r e d  r a d i a t i o n  c o r r e l a t i o n  funct ion.  This may be v e r i f i e d  by comparing 
c o r r e l a t i o n  funct ion rQ* with n = 0.9 (Figure 75) with t h e  c o r r e l a t i o n  funct ions 

of t h e  s c a t t e r e d  r a d i a t i o n  f l u x  given i n  Figure 74. There a r e  s u b s t a n t i a l  
d i f f e rences  between t h e  c o r r e l a t i o n  funct ions of t h e  d i r e c t  and t h e  t o t a l  /158 
r a d i a t i o n  d e s p i t e  t h e  apparent s i m i l a r i t y .  While f o r  t h e  d i r e c t  r a d i a t i o n  f l u x  -
t h e  c o r r e l a t i o n  r ad ius  i s  a t  t h e  maximum a t  n(0) = 0.5 and decreases  with 
inc rease  o r  decrease i n  t h e  amount of  clouds,  f o r  t o t a l  r a d i a t i o n  t h e  c o r r e l a t i o n  
r a d i u s  shown i n  Figure 6 i s  a t  t h e  minimum when n(0) 0.3 (n % 0.4)  and i n 
c reases  with inc rease  or decrease i n  t h e  amount o f  clouds. The c o r r e l a t i o n  
r a d i u s  of t h e  t o t a l  r a d i a t i o n  f l u x  exceeds t h e  d i r e c t  r a d i a t i o n  c o r r e l a t i o n  
r ad ius  by an i n s i g n i f i c a n t  amount s o  long as t h e  amount of cumulus clouds n G 
Q 0.6-0.7 (n(0) G 0.5-0.6).  On f u r t h e r  increase i n  t h e  amount of clouds it 1159 
approaches t h e  s c a t t e r e d  r a d i a t i o n  c o r r e l a t i o n  rad ius .  This behavior of t h e  
t o t a l  r a d i a t i o n  c o r r e l a t i o n  funct ion i s  t o  be ascr ibed t o  t h e  combined inf luence 
of  t h e  v a r i a b i l i t y  of t h e  f luxes  of d i r e c t  and s c a t t e r e d  r a d i a t i o n .  As may be 
seen from examination of  formula (4.13),  t h e  c o r r e l a t i o n  func t ion  of  t o t a l  
r a d i a t i o n  i s  determined by t h e  c o r r e l a t i o n  funct ions of d i r e c t  and s c a t t e r e d  
r a d i a t i o n ,  a s  well as by t h e i r  r ec ip roca l  c o r r e l a t i o n .  In t h i s  i n s t ance  t h e  
r e l a t i v e  weight of t h e  c o r r e l a t i o n  funct ions i s  determined by t h e  weight of t h e i r  
d i spe r s ion  i n  t h e  t o t a l  r a d i a t i o n  d i spe r s ion .  As i s  t o  be seen from Table 5, 
t h e  d i spe r s ion  of d i r e c t  r a d i a t i o n  predominates (70-90%) f o r  mean amounts of 
clouds. A t  t h e  same time, t h e  weight of t h e  s c a t t e r e d  r a d i a t i o n  d i spe r s ion  i s  /160 
n e g l i g i b l y  small (1-3%). A more s u b s t a n t i a l  con t r ibu t ion  (15-30%) i s  made by t h e  
r ec ip roca l  c o r r e l a t i o n  funct ion of d i r e c t  and s c a t t e r e d  r a d i a t i o n ,  t h a t  i s ,  t h e  
c o r r e l a t i o n  funct ion of t h e  t o t a l  r a d i a t i o n  f l u x  i s  influenced only by 
f l u c t u a t i o n s  i n  t h e  s c a t t e r e d  r a d i a t i o n  operat ing i n  phase with t h e  f l u c t u a t i o n s  
i n  d i r e c t  r a d i a t i o n .  This is i l l u s t r a t e d  by Figure 77, which shows t h e  co r re l a 
t i o n  funct ions of t h e  f luxes  of d i r e c t ,  s c a t t e r e d ,  and t o t a l  r a d i a t i o n  f o r  one 
s p e c i f i c  observation when n = 0.5 (n[O) = 0 . 4 ) .  I t  may be seen t h a t  t h e  t o t a l  
r a d i a t i o n  c o r r e l a t i o n  funct ion r epea t s  t h e  course of t h e  d i r e c t  r a d i a t i o n  
c o r r e l a t i o n  funct ion and is s i t u a t e d  somewhat above i t .  The weight o f  the  
f l u c t u a t i o n  i n  d i r e c t  r a d i a t i o n  and t h a t  of t h e  r ec ip roca l  c o r r e l a t i o n  decrease 
with inc rease  o r  decrease i n  t h e  amount of clouds r e l a t i v e  t o  n(0) = 0.5, owing 

c h i e f l y  t o  t h e  decrease i n  d i spe r s ion  of t h e  d i r e c t  r a d i a t i o n .  As a r e s u l t  t h e  /161 

f l u c t u a t i o n s  i n  t o t a l  r a d i a t i o n  a r e  l a r g e l y  influenced by t h e  v a r i a b i l i t y  i n  

s c a t t e r e d  r a d i a t i o n ,  which i n  t h i s  instance depend: only s l i g h t l y  on t h e  amount 

of  clouds. This circumstance inc reases  t h e  r ad ius  of c o r r e l a t i o n  of t h e  t o t a l  

r a d i a t i o n  flux. Its s p e c t r a l  dens i ty  i s  simultaneously contracted.  Figure 78 

shows t h e  s p e c t r a l  dens i ty  f o r  standard r a d i a t i o n ,  Figure 79 t h e  range of 

v a r i a b i l i t y  of t h e  s p e c t r a l  d e n s i t i e s  of t o t a l  r a d i a t i o n ,  and Figure 80 t h e  

s p e c t r a l  d e n s i t i e s  of t o t a l  r a d i a t i o n  f o r  s p e c i f i c  measurements. I t  i s  t o  be 

seen t h a t  t h e  lower f requencies  predominate i n  t h e  s p e c t r a l  dens i ty  of  s c a t t e r e d  

r a d i a t i o n  i n  comparison t o  t h e  s p e c t r a l  dens i ty  of t o t a l  r a d i a t i o n .  


The weight of t h e  high frequencies i n  t h e  s p e c t r a l  dens i ty  of t h e  t o t a l  
r a d i a t i o n  f l u x  i s  at t h e  maximum when n = 0.4  (n(0) = 0.3) and decreases with 
inc rease  o r  decrease i n  t h e  amount of clouds. 
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Figure 72.  Examples of P robab i l i t y  Density of Re la t ive  
Fluxes of Direct  and Total  Radiation f o r  t h e  Same 
Observation a t  n = 0.6  (Cu) (Ground Measurements). 

P r o b a b i l i t y
Radiation 

for Unbroken Sc Clouds (Ground 
Measurements) . 
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Figure 73.  Examples of 
Density of Re la t ive  Total  

The s p a t i a l  s t r u c t u r e  of f i e l d s  
of shortwave r a d i a t i o n  has been 
s tudied experimentally f o r  s t r a t o 
cumulus and cumulus clouds.  A i r 
c r a f t  s t u d i e s  were conducted f o r  
t h i s  purpose above the Ukraine 
i n  1967-1969 i n  co l l abora t ion  with 
t h e  Ukrainian Hydrometeorological 
Research I n s t i t u t e .  In t h e  case of 
stratocumulus clouds f l i g h t s  were 
flown both above and below t h e  
clouds,  and i n  some ins t ances  i n s i d e  
t h e  cloud laver as wel l .  a t  a 
d i s t a n c e  of  approximately 100 m 
from t h e  upper boundary. In t h e  
case of cumulus clouds within a 
mass a l l  measurements were gene ra l ly  
conducted below t h e  clouds. 
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Figure 74. ExamQles of Autocorrelat ion Functions of 
Scat tered Radiation Flux (Solid Line Curves) and of 
Relat ive Cloudiness (Broken Line Curves) f o r  Cumulus 
Clouds n = 0.5 (Ground Measurements, t i n  min) . 

Figure 81 a shows t h e  mean au tocor re l a t ion  func t ions  of f luxes  of shortwave 
r a d i a t i o n  and t h e  albedo i n s i d e  t h e  layer ,  and Figure 81 b t h e  mean c o r r e l a t i o n  
func t ions  f o r  f luxes  of t o t a l  and r e f l e c t e d  r a d i a t i o n  measured below s t r a t o 
cumulus and below cumulus clouds.  Owing t o  t h e  small number of observations it 
was not poss ib l e  t o  make a study of t h e  c o r r e l a t i o n  as a funct ion of  t h e  amount 
o f  clouds. The c o r r e l a t i o n  func t ions  o f  t h e  descending flow and t h e  albedo 
i n s i d e  t h e  layer  a r e  s i m i l a r  i n  t h e  case of t h e  stratocumulus clouds. There i s  
a s l i g h t  d i f f e r e n c e  between them and t h e  c o r r e l a t i o n  funct ion of t h e  descending 
flow. The c o r r e l a t i o n  r a d i u s  of t h e  ascending flow gene ra l ly  exceeds t h e  
c o r r e l a t i o n  r ad ius  of t h e  descending flow and t h e  albedo. 
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The l a rge  c o r r e l a t i o n  

r a d i u s  of t h e  ascending flow i s  due t o  t h e  considerable  averaging over t h e  
b r igh tness  f i e l d  of t h e  underlying su r face ,  which p a r t i c i p a t e s  i n  formation of 
t h e  ascending flow. In o the r  words, t h e  f l u c t u a t i o n s .  i n  the descending flow are 
due c h i e f l y  t o  t h e  v a r i a b i l i t y  i n  cloudiness above t h e  a i r c r a f t ,  and t h e  s t r u c t u r e  
of  t h e  ascending flow depends l a r g e l y  on t h e  v a r i a b i l i t y  of t h e  albedo of t h e  
underlying surface a s  well  as on t h e  v a r i a b i l i t y  of t h e  cloud cover both below 
and above t h e  a i r c r a f t .  This circumstance inc reases  t h e  c o r r e l a t i o n  owing t o  
t h e  averaging over t h e  a rea  of t h e  Ea r th ' s  surface ( t h e  degree of averaging 
depends on t h e  a l t i t u d e  of f l i g h t ) .  This i s  c l e a r l y  i l l u s t r a t e d  by Figure 81 b,  
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I t  i s  a l s o  t o  be seen from 

Figure 81 b t h a t  t h e  c o r r e l a t i o n  
r ad ius  of t h e  descending flow 
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Figure 76.  Cor re l a t ion  Radius ( t o s s  i n  Min) of Total 
Radiation Flux Versus Amount of Re la t ive  Cloudinesis 
(Cu) (Ground Measurements). 
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Figure 77. Autocorrelat ion Functions of  D i rec t  1 ,  
Scat tered 3 ,  and Total  2 Radiation f o r  One S p e c i f i c  
Observation f o r  Cumulus Clouds with n = 0.5, n(0) = 
= 0.4 (Ground Measurements, t i n  Min) . 
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Sect ion 4. Relationships Among 
V a r i a b i l i t v  of Fluxes of D i rec t .~ 

Figure 78. Spec t r a l  Density, Averaged 
ove? Observations, of Sca t t e red  Radia
t i o n  f o r  Cumulus Clouds Versus Linear 
Frequency f i n  Min-l (Ground Measure
ment s) . 

Sca t t e red ,  and Total  Radiation 

In what follows we present  
t h e  r e s u l t s  of ground and a i r c r a f t  
experimental s t u d i e s  of t h e  r e l a 
t i o n s h i p s  among d i r e c t ,  s c a t t e r e d ,  /170 
and t o t a l  r a d i a t i o n ,  information 
on which i s  necessary i n  t h e  
t h e o r e t i c a l  ana lys i s  made i n  
Sect ions 1 and 2 of t h i s  chapter.  

Examples of r ec ip roca l  
c o r r e l a t i o n  funct ions of f luxes  of  
d i r e c t  and s c a t t e r e d  r a d i a t i o n  a r e  
shown i n  Figure 86 a. The r e 
c ip roca l  c o r r e l a t i o n  funct ions of 
s c a t t e r e d  r a d i a t i o n  and cloud 
coverage of t h e  zeni th  f o r  t h e  
same cases  a r e  presented i n  Figure 
86 b. I t  is t o  be seen t h a t  t h e  
r ec ip roca l  c o r r e l a t i o n  funct ions 
reach values  of up t o  0 .5  and 
decrease more slowly with d i s 
placement i n  time than do t h e  
c o r r e l a t i o n  funct ions o f  t h e  f luxes  
of d i r e c t  and t o t a l  r a d i a t i o n  (see 
Figures 36 and 75). In t h i s  
i n s t ance  t h e  c o r r e l a t i o n  between 
t h e  f luxes  of d i r e c t  and s c a t t e r e d  
r a d i a t i o n  somewhat exceeds t h e  
c o r r e l a t i o n  between zeni th  

coverage and s c a t t e r e d  r a d i a t i o n .  This l a t t e r  circumstance i s  due t o  t h e  
in-phase f l u c t u a t i o n s  of d i r e c t  and s c a t t e r e d  r a d i a t i o n  determined c h i e f l y  by 
t h e  wide v a r i a b i l i t y  i n  t h e  br ightness  of clouds i n  t h e  v i c i n i t y  of t h e  Sun. 

A s  w e  saw i n  t h e  preceding sec t ion ,  i n  t h e  case of mean amounts of cumulus 
clouds t h e  con t r ibu t ion  made by t h e  mutual c o r r e l a t i o n  of f luxes  of d i r e c t  and /171 
s c a t t e r e d  r a d i a t i o n  i n  determination of t h e  c o r r e l a t i o n  funct ion f o r  t o t a l  
r a d i a t i o n  i s  15-30%. Since t h e  normalized r ec ip roca l  c o r r e l a t i o n  funct ion of 
t h e  f luxes  of d i r e c t  and s c a t t e r e d  r a d i a t i o n  reaches values  of up t o  0.5,  i t  
consequently accounts f o r  up t o  15%of t h e  t o t a l  r a d i a t i o n  c o r r e l a t i o n  funct ion.  

The s i m i l a r i t y  of t h e  c o r r e l a t i o n  funct ions of t h e  f luxes  of t h e  d i r e c t  and 
t o t a l  r a d i a t i o n  (see t h e  preceding sec t ion )  i s  a l s o  confirmed by t h e  course of  
t h e  r ec ip roca l  c o r r e l a t i o n  funct ions of d i r e c t  and t o t a l  r a d i a t i o n ,  which are 
shown i n  Figures 87 and 88 r e s p e c t i v e l y  f o r  n(9@) < 0.3 and 0.3 < n ( 9 d  < 0.5. 

A s  may be seen, t h e  c o e f f i c i e n t  of r ec ip roca l  c o r r e l a t i o n  reaches 0.9, decreasing 
somewhat with inc rease  i n  t h e  amount of  clouds. A t  t h e  same t i m e ,  i n  t h e  
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major i ty  of cases  t h e r e  is observed a s l i g h t  displacement i n  t ime (of up t o  one 
minute) of t h e  mutual c o r r e l a t i o n  maximum, a displacement which may be due i n  /172 
p a r t  t o  t h e  nonsynchronous p l o t t i n g  of t h e  o rd ina te s  during t h e  primary pro
cessing of t h e  recording instrument tapes .  Since up t o  t h e  present  r ec ip roca l  
c o r r e l a t i o n  funct ions have i n  t h e  main been derived only f o r  an amount of 
clouds n(8@) ranging from 0 .1  t o  0 .5 ,  more d e t a i l e d  study of  t h e i r  behavior as 
a funct ion of t h e  amount o f  clouds remains a t a s k  f o r  f u t u r e  experimental s t u d i e s .  
The c o r r e l a t i o n  between t o t a l  r a d i a t i o n  and cloud coverage of t h e  zeni th  i s  
small (Figure 89).  This i s  due c h i e f l y  t o  t h e  s l i g h t  c o r r e l a t i o n  between cloud 
coverage of t h e  zen i th  and t h e  Sun a t  X 40-50' (see Chapter 111, Sect ion 4 ) .  

This l a t t e r  circumstance i s  a l s o  confirmed by experimental measurements of t h e  
r e c i p r o c a l  c o r r e l a t i o n  func t ions  of t h e  f l u x  of  d i r e c t  r a d i a t i o n  and cloud 
coverage of t h e  zeni th  (see Figure 90) .  

0 0.5 ro f 

Figure 79. Range of V a r i a b i l i t y  of Spec t r a l  Dens i t i e s  of 
Total  Radiation Versus f i n  Min-l (Ground Measurements). 

The r ec ip roca l  c o r r e l a t i o n  between t h e  f luxes  of  Sca t t e red  and t o t a l  
r a d i a t i o n  (Figure 91) i s  a l s o  small. The c o r r e l a t i o n  between s c a t t e r e d  and 
t o t a l  r a d i a t i o n  improves with increase i n  t h e  amount of  clouds,  t h i s  being due 
t o ' i n c r e a s e  i n  t h e  weight of t h e  f l u x  of s c a t t e r e d  r a d i a t i o n  i n  t h e  t o t a l  
r a d i a t i o n .  This a l s o  follows from t h e  t h e o r e t i c a l  considerat ions advanced i n  /173 
t h i s  chapter.  

In t h e  case of t h e  a i r c r a f t  s t u d i e s  r ec ip roca l  c o r r e l a t i o n  funct ions were 
derived only f o r  t h e  f l u x e s  of  t o t a l  and r e f l e c t e d  r a d i a t i o n ,  which were 
measured i n  f l i g h t s  both above and below clouds and i n s i d e  stratocumulus clouds. /174 
As may be seen from Figure 92, which i l l u s t r a t e s  t h e  r ec ip roca l  c o r r e l a t i o n  
funct ions obtained i n  f l i g h t s  r e spec t ive ly  above clouds,  through t h e  summits 
of  clouds a t  a d i s t ance  of 100 m from t h e  upper boundary, and below clouds over 
bare ground, considerable improvement i s  observed i n  t h e  c o r r e l a t i o n  with 
decrease i n  t h e  a l t i t u d e  of f l i g h t .  The c o r r e l a t i o n  funct ion becomes more 
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symmetrical i n  t h i s  instance.  This i s  due t o  t h e  symmetry of d i s t r i b u t i o n  of  
t h e  br ightnesses  r e l a t i v e  t o  t h e  zen i th  under depth condi t ions (see Sect ion 6 
of t h i s  chapter,  i n  which an ana lys i s  i s  made of r a d i a t i o n  condi t ions i n  t h e  
case of s t r a t i f i e d  clouds) .  

0 I 2 ! 

Figure 80. Spec t r a l  Densi t ies  of Total  Radiation 
f o r  Spec i f i c  Observations f o r  Cumulus Clouds n = 0.5 
Versus f i n  Min-l (Ground Measurements). 

Reciprocal s p e c t r a l  a n a l y s i s  was a l s o  c a r r i e d  out f o r  t h e  purpose of more /176 
d e t a i l e d  study of t h e  r e l a t i o n s h i p s  among t h e  r a d i a t i o n  f luxes .  Calculat ion 
was made of t h e  moduli of complex r e c i p r o c a l  s p e c t r a l  d e n s i t i e s  

S 6 . q  ( f ,  =I A Z ( f )  +BZ( t ) ,  

i n  which A(f) and B(f) a r e  r e s p e c t i v e l y  t h e  r e a l  and imaginary po r t ions  of t h e  
s p e c t r a l  dens i ty .  The moduli of t h e  r ec ip roca l  s p e c t r a l  d e n s i t i e s  f o r  ground 
measurements a r e  shown i n  Figures 93-98 f o r  ground measurements and i n  Figure 
99 f o r  a i r c r a f t  measurements. The low-frequency components predominate i n  a l l  
t h e  r ec ip roca l  s p e c t r a l  d e n s i t i e s .  In add i t ion ,  t h e  s p e c t r a l  d e n s i t i e s  
o s c i l l a t e  t o  a considerable extent  i n  t h e  case of t h e  ground measurements, thus 
ind ica t ing  t h e  exis tence of a s e t  of maxima which s h i f t  from observation t o  
observation. The r e c i p r o c a l  s p e c t r a l  d e n s i t i e s  a r e  more g r e a t l y  smoothed i n  t h e  
case of t h e  a i r c r a f t  s t u d i e s  (Figure 99) and general ly  decrease more r ap id ly  with/177 
inc rease  i n  t h e  frequency, t h e  lower i s  t h e  a l t i t u d e  of f l i g h t ,  t h a t  is ,  t h e  
g r e a t e r  i s  t h e  o p t i c a l  thickness  of t h e  cloud cover above t h e  a i r c r a f t .  

The coherence (see formula l . l Z ) ,  t h a t  is, t h e  c o r r e l a t i o n  of t h e  d i f f e r e n t  
frequencies of r ec ip roca l  s p e c t r a l  dens i ty ,  a l s o  decreases with increase i n  
frequency. The coherence i s  s u b s t a n t i a l  i n  t h e  case of ground measurements only 
f o r  d i r e c t  and t o t a l  r a d i a t i o n  (Figures 100-105). We s e e  t h a t  t h e  coherence 
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changes abrupt ly  i n  a l l  in s t ances  with change i n  t h e  frequency. The loca t ions  
of t h e  coherence maximi s h i f t  from observation t o  observat ion.  In  t h e  case of 
t h e  a i r c r a f t  s t u d i e s ,  as i s  t o  be seen from Figure 106, t h e  coherence i s  a t  t h e  
minimum i n  f l i g h t s  above clouds and increases with decrease  i n  t h e  a l t i t u d e  of 1179f l i g h t .  The coherence reaches considerable  values  i n s i d e  t h e  cloud l aye r  o r  
below it, decreasing much more slowly with increase i n  t h e  frequency than i n  t h e  
case of t h e  ground measurements. 

I 

b 
a 

Figure 81. Autocorre la t ion  Functions Averaged over Observa
t i o n s  Versus x i n  km: a, Ins ide  Cloud Layer (Sc) (1, Total  
Radiation; 2,  Albeao; 3,  Reflected Radiat ion);  b ,  Below 
Clouds (1, Total  Radiation with Cu; 2 ,  Total  Radiation with 
Sc; 3,  Reflected Radiation with Cu). 

The phase s h i f t  as expressed i n  u n i t s  of time ( length)  a l s o  decreases with 
increase i n  the  frequency. A s  may be seen from Figures 107-112, t h e  phase 

s h i f t  i s  i n  t h e  majori ty  of cases  smaller than 30 sec i n  t h e  ground measurements. /180 

It  u s u a l l y  i s  l e s s  than 0 .5  km i n  t h e  case of t h e  a i r c r a f t  measurements (Figure 

113). 


I t  may be s a i d  i n  r e c a p i t u l a t i o n  t h a t  t h e  phase s h i f t  and t h e  s h i f t  of t h e  
r ec ip roca l  c o r r e l a t i o n  funct ion maximum are not e s s e n t i a l  f o r  t h e  majori ty  of 
t h e  problems we have considered. 

Sect ion 5 .  Representation of t h e  Di s t r ibu t ion  of  Brightness over t h e  Sky by  
Means of Einenfunct ions 

We have considered t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of r a d i a t i o n  f i e l d s ,  and 
have a l s o  presented algorithms determining t h e  i n t e r r e l a t i o n  between t h e  
s t a t i s t i c a l  c h a r a c t e r i s t i c s  of br ightness  f i e l d s  and r a d i a t i o n  f luxes .  However,
owing t o  t h e  absence of information on t h e  s t r u c t u r e  of  t h e  d i s t r i b u t i o n  of 
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br igh tness  over t h e  sky when clouds a r e  p re sen t ,  it would have been poss ib l e  t o  
so lve  t h e  problem i n  theory only i n  t h e  first approximation, by use of model 
d i s t r i b u t i o n s  of b r igh tness  over t h e  sky not v e r i f i e d  by f u l l - s c a l e  measurements. 
In o rde r  t o  f i l l  t h i s  gap and t o  obtain t h e  next approximation of t h e  t h e o r e t i c a l  
algorithms, measurement of t h e  d i s t r i b u t i o n  of  br ightness  over t h e  sky a t  wave
l eng ths  of 707 and 723 nm has been conduc.ted s i n c e  1970 a t  t h e  I n s t i t u t e  of 
Physics and Astronomy of t h e  Academy of Sciences of t h e  Estonian SSR. Up t o  t h e  
present  we have obtained 18 zeni th  angle scannings, 16 of which have been f u l l y  
processed. For t h e  purpose of determining t h e  parameters of t h e  s t r u c t u r e  of 
br ightness  f i e l d s  over t h e  sky use i s  made of expansion on t h e  b a s i s  of t h e  
optimum eigenvalues and eigenfunctions of t h e  br ightness  c o r r e l a t i o n  matrix 
[ 6 ,  71 .  I t  i s  t o  be noted t h a t  a similar approach was adopted i n  order  t o  
determine t h e  parameters of d i s t r i b u t i o n  of clouds over t h e  sky, t h e  r e s u l t s  of 
t h i s  determination being presented i n  Chapter 111, Section 4,  i n  which t h e  
c o e f f i c i e n t s  of c o r r e l a t i o n  of  t h e  presence o r  absence of clouds a t  var ious 
zen i th  d i s t a n c e s  se rve  as t h e  elements of t h e  c o r r e l a t i o n  matrix.  

T 
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Figure 8 2 .  Spec t r a l  Dens i t i e s ,  Averaged over Observations, 
o f  Shortwave Radiation i n  F l i g h t s  Ins ide  a Layer of S t r a t o 
cumulus Clouds Versus Linear Frequency f i n  km-l: 1, 
Ascending Flow; 2 ,  Descending; 3 ,  Albedo. 

Up t o  t h e  present  scanning has been conducted only f o r  cumulus clouds i n  
t h e  plane perpendicular  t o  t h e  s o l a r  v e r t i c a l .  The eigenfunctions and eigen
values  f o r  b r igh tness  have consequently been obtained only as  a funct ion of t h e  
zen i th  angle of observat ion;  The averaged r e l a t i o n s h i p s  of b r igh tness  t o  
zen i th  angle f o r  i nd iv idua l  s p e c i f i c  observat ions of a du ra t ion  of 60 t o  200 
m'inutes, normalized on t h e  b a s i s  of t h e  zen i th  b r igh tness ,  a r e  shown i n  Figure 
114. The averaged b r igh tness  decreases  slowly i n  t h e  d i r e c t i o n  of t h e  horizon 
i n  t h e  case of l a r g e  amounts of cumulus clouds. With mean amounts of clouds t h e  
b r igh tness  i s  v i r t v a l l y  ,%ndependento f  t h e  zen i th  angle of  observat ion,  and i n  

/188 

/189 
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t h e  case of small amounts of  clouds increases  with inc rease  i n  t h e  zeni th  angle 
approximately t o  30-40', and then decreases slowly o r  remains constant even 
with f u r t h e r  increase i n  t h e  z e n i t h  angle. This b r igh tness  behavior is  due t o  
t h e  combined e f f e c t  of t h e  b r igh tness  of t h e  clouds and t h e  c l e a r  sky between 
t h e  clouds. I t  has been e s t a b l i s h e d  by t h e o r e t i c a l  c a l c u l a t i o n s  and experimental 
s t u d i e s  [32, 78-83] t h a t  t h e  b r igh tness  of a cloudless  sky inc reases  considerably 
with increase i n  t h e  zen i th  angle ,  while t h e  br ightness  decreases  somewhat i n  
t h e  case of  an unbroken cloud cover. A br ightness  maximum i s  observed f o r  /190 
cumulus clouds i n  t h e  v i c i n i t y  o f  zen i th  angles 6 % 30-40°, t h i s  being used i n  
a l l  p r o b a b i l i t y  t o  r e f l e c t i o n  o f  sunshine by t h e  i l luminated s i d e s  of t h e  clouds.  
I t  must be observed t h a t  enough experimental s t u d i e s  have not as yet  been 
conducted t o  permit c l e a r c u t  determination of t h e  r e l a t i o n s h i p  between br ightness  
d i s t r i b u t i o n  and amount of clouds.  The r e l a t i v e  roo t  mean square dev ia t ions  of 
b r igh tness ,  normalized on t h e  b a s i s  of t h e  corresponding va lues  a t  t h e  zeni th ,  
are presented i n  Figure 115.' I t  i s  t o  be seen t h a t  with inc rease  i n  t h e  zeni th  /191 
angle  t h e  roo t  mean square d e v i a t i o n  first inc reases  t o  reach a maximum a t  6 = 
= 20-40', and then gene ra l ly  decreases .  The maximum a t  t h e  mean zeni th  angles 
i s . d u e  t o  t h e  high b r igh tness  of  t h e  s i d e s  of t h e  clouds i l luminated by t h e  Sun 
and thereby confirms t h e  conclusion drawn i n  t h e  a n a l y s i s  of t h e  behavior of 
mean br ightness .  The decrease i n  t h e  
horizon at  6 > 50' is  due t o  decrease 
owing t o  t h e  inf luence of t h e  s i d e s  of 

2 i \
I ,  \3  

roo t  mean square dev ia t ion  toward t h e  
i n  t h e  v a r i a b i l i t y  of t h e  cloud conditions 
t h e  clouds (see Chapter 111, Section 1 ) .  

The normalized c o e f f i c i e n t s  
of c o r r e l a t i o n  of br ightness  i n  
d i r e c t i o n s  6 = 5,  35, and 65' with 
t h e  b r igh tnesses  i n  other  d i r e c t i o n s ,  
K5,6' K35,6' and K65,6 a r e  shown 

i n  Figures 116-118 r e spec t ive ly .  
We see  t h a t  t h e  c o r r e l a t i o n  co
e f f i c i e n t s  of  t h e  individual  
observat ions,  has i n  t h e  discussion 
of  cloud coverage of t h e  d i r e c t i o n  
of s i g h t i n g  ( see  Chapter 111, 
Section 9 ) ,  a r e  similar, while 
t h e  c o r r e l a t i o n  r ad ius  decreases 
with inc rease  i n  zen i th  angle 8. 
T h i s  l a t t e r  circumstance i s  due t o  
t h e  inc rease  i n  d i s t ance  i n  space 

Figure 83. Spec t r a l  Dens i t i e s ,  Averaged with inc rease  i n  zen i th  angles 

Over Observations of Shortwave Radia- 6 with t h e  d i f f e r e n c e  between 

t i o n  Fluxes Under Cloud Cover Versus f them t h e  same. 

i n  km: 1, Descending Flow (Cu); 2 ,  

Ascending (Cu); 3, Descending (Sc) . L i k e  t h e  c o r r e l a t i o n  co


e f f i c i e n t ,  t h e  eigenvalues of t h e  
c o r r e l a t i o n  mat r ix  as well do not 

vary  appreciably from observat ion t o  observation. The eigenvalues and t h e  * 

r e l a t i v e  accuracy i n  u t i l i z a t i o n  of t h e  f i rs t  with components f o r  br ightness  a r e  
presented i n  Table 6. A s  may be seem, the f irst  eigenfunct ions account f o r  
38-68% of t h e  d i spe r s ion ,  t h e  second ones 14-25, and t h e  t h i r d  eigenfunctions 
6-15%. On t h e  average t h e  first eigenvalues account f o r  55% of t h e  d i spe r s ion ,  
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t h e  first two account f o r  74%, and t h e  first t h r e e  84%, t h e s e  va lues  being 
somewhat smaller  than  t h e  corresponding ones f o r  t h e  cloud cover s t r u c t u r e .  This 
i s  q u i t e  n a t u r a l ,  s ince  t h e  cloud cover eigenvalues were obtained on t h e  b a s i s  
of coverages of t h e  d i r e c t i o n s  of s igh t ing  averaged over t h e  azimuth ( see
Chapter 111, Sect ion 4 ) .  The first br ightness  e igenfunct ions f o r  ind iv idua l  
observat ions are presented i n  Figure 119. We see t h a t  t h e i r  t r a c e  i s  similar 
from case t o  case.  The f irst  eigenfunct ion genera l ly  has a maximum a t  mean 
zeni th  angle  va lues  I9 = 20-40° and decreases  both i n  t h e  d i r e c t i o n  of  t h e  zeni th  
and i n  t h a t  o f  t h e  horizon t o  approach z e r o ' i n  t h e  v i c i n i t y  of  t h e  horizon. 
From t h e  physical  viewpoint t h i s  course o f  X1(6) means t h a t  t h e  g r e a t e s t  

devia t ions  of one s p e c i f i c  observat ion from t h e  mean course of br ightness  are 
observed a t  zen i th  angles  from 20-40°, owing t o  t h e  r e l a t i v e l y  g rea t  br ightness  
of t h e  s i d e s  of t h e  clouds and t h e i r  s u b s t a n t i a l  weight a t  6 = 20 t o  40'. /194-
Fluc tua t ions  from t h e  mean are genera l ly  small on t h e  horizon. The second 

eigenfunct ion provides information on d i s t o r t i o n s  i n  t h e  course of t h e  f i rs t  

eigenfunct ions.  Increase  o r  decrease i n  t h e  br ightness  obtained i n  a s p e c i f i c  

measurement around t h e  zen i th  (9 = 0-30') i s  accompanied by simultaneous 

decrease o r  i nc rease  i n  t h e  br ightness  a t  g r e a t e r  zen i th  d i s t ances  (I9 = 40-70') 

(Figure 120). The t h i r d  eigenfunct ions provides information on t h e  f i n e r  s t r u c - /196 

t u r e  of  devia t ion  from t h e  mean trace (Figure 121). We see t h a t  increase  i n  

br ightness  around t h e  zeni th  i s  accompanied by increase  i n  br ightness  i n  t h e  

v i c i n i t y  of t h e  horizon and decrease i n  i t  a t  mean zen i th  d i s t ances ,  and v i c e  

versa.  As may be seen from Figures 119-121, t h e  s i m i l a r i t y  i n  e igenfunct ions 

from case t o  case decreases  with increase  i n  t h e i r  index number. The s i m i l a r i t y  

of t h e  second and t h i r d  eigenfunct ions f o r  br ightness  and cloud coverage of t h e  

d i r e c t i o n  of s igh t ing  (see Figures 50 and 51) ind ica t e s  t h a t  t h e  f i n e r  s t r u c t u r e  /197

of  devia t ions  of br ightness  from t h e  mean i s  determined b a s i c a l l y  by t h e  

s t r u c t u r e  of t h e  c loud ' s  presence.  Only t h e  first eigenfunct ions d i f f e r  i n  

q u a l i t y  (see Figure 52). In  t h i s  i n s t ance  a s u b s t a n t i a l  in f luence  i s  exerted 

by t h e  d i f f e rence  i n  t h e  br ightness  of ind iv idua l  clouds,  a s  well  a s  by t h e  

circumstance t h a t  t h e  course of  br ightness  as a func t ion  of t h e  zeni th  angle 

i s  not  monotonic. The f i n e  s t r u c t u r e  of br ightness  d i s t r i b u t i o n  within 

ind iv idua l  clouds i s  descr ibed by eigenfunct ions s t a r t i n g  with t h e  four th .  They 

vary widely from case  t o  case,  however, and f o r  t h i s  reason do not  lend themselves 

well t o  physical  i n t e r p r e t a t i o n .  In  addi t ion ,  s i n c e  t h e i r  weight i n  t h e  t o t a l  

dispers ion  i s  small ,  and t h e  number of cases  inves t iga ted  i s  a l s o  small ,  we w i l l  

not e n t e r  i n t o  a d i scuss ion  of  them a t  t h i s  po in t .  


Sect ion 6. Relat ionships  Between t h e  S t a t i s t i c a l  Charac t e r i s t i c s  -of Radiation 

Fie lds  and t h e  S t a t i s t i c a l  Charac t e r i s t i c s  of Optical  Cloud S t ruc tu re  Parameters 


The v a r i a b i l i t y  i n  r a d i a t i o n  f luxes  i n  t h e  case  of  cumulus clouds,  a s  
ind ica ted  by t h e  r e s u l t s  of Sect ions 1-4 o f  t h i s  chapter ,  broadly determines t h e  
v a r i a b i l i t y  i n  cloud coverage of t h e  sky. However, s tudy of t h e  f i n e  s t r u c t u r e  
of  br ightness  and r a d i a t i o n  f luxes  f o r  cumulus clouds,  a s  w e l l  a s  s tudy of t h e  
v a r i a b i l i t y  of br ightness  and f luxes  f o r  s t r a t i f i e d  clouds,  a r e  inconceivable 
without s tudy of t h e  r e l a t i o n s h i p s  between t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of 
br ightness  f i e l d s  and t h e  s ta t i s t ica l  c h a r a c t e r i s t i c s  of  clouds.  Together with 
t h e  p o s s i b i l i t y  of using these  r e l a t i o n s h i p s  t o  e x t r a c t  information on cloud 
s t r u c t u r e ,  turbulence i n s i d e  clouds,  and s o  �orth [84], s t u d i e s  of t h i s  kind are 
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important because of t h e  n o n l i n e a r i t y  of  t h e  r e l a t i o n s h i p s  between r ad ia t ion  
condi t ions and t h e  o p t i c a l  parameters of t h e . r e a l  atmosphere, and a l s o  because 
of t h e  non l inea r i ty  of t h e  in f luence  of l i g h t  on such n a t u r a l  processes  as 
photosynthesis ,  evaporation, mel t ing of  snow and ice, convection, etc.  Thus it 
has of l a te  become e s s e n t i a l  t o  s tudy  t h e  o p t i c a l  p r o p e r t i e s  of  t h e  cloud cover 
as  a complete formation. 

Figure 84. Spa t i a l  Spec t r a l  ’ 
Densi t ies ,  Averaged over Ob
se rva t ions  of  Shortwave Radia
t i o n  Fluxes Ins ide  Layer of  
Stratocumulus Clouds Represented 
i n  Logarithmic Coordinates:  1, 
Rk; 2, Q;  3 ,  Ak’ 

A s  was pointed out i n  Chapter I ,  
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Figure 85.. S p a t i a l  Spec t r a l  Densi t ies ,  
Averaged over Observations of Shortwave 
Radiation Fluxes Below Cloud Layer 
Represented i n  Logarithmic Coordinates : 
1, Q f o r  Cu; 2 ,  Rk f o r  Cu; 3 ,  Q f o r  

sc. 

r a d i a t i o n  condi t ions  i n  a s c a t t e r i n g  
medium are connected by a nonl inear  r e l a t i o n s h i p  t o  t h e  o p t i c a l  parameters of 
t h e  medium usua l ly  employed i n  t h e  t r a n s f e r  theory:  t h e  c o e f f i c i e n t  of 
s c a t t e r i n g  and absorpt ion,  t h e  s c a t t e r i n g  i n d i c a t r i x ,  and t h e  o p t i c a l  th ickness .  /198 
Descr ipt ion of t h e  r a d i a t i o n  condi t ions  of  heterogeneous media by means of t h e  
t r a n s f e r  equation with t h e  mean parameters-of a medium consequently e n t a i l s  a 
systematic  e r r o r  which o f t e n  cannot be evaluated by t h e  i n v e s t i g a t o r .  Although 
t h e  need f o r  extending t h e  t r a n s f e r  theory t o  media having randomly d i s t r i b u t e d  
parameters was recognized seve ra l  yea r s  ago [85], but on ly  now i s  so lu t ion  of  
t h i s  problem being approached [ 3 2 ,  39, 86-92]. Formulation of t h e  r ad ia t ion  
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t r a n s f e r  problem of clouds i s  not poss ib l e  within t h e  framework of t h e  c l a s s i c a l  
t r a n s f e r  theory.  The chief  obs t ac l e  i s  t h e  absence of means f o r  determining t h e  
microphysical cloud cover parameters en te r ing  i n t o  t h i s  theory and t h e i r  
v a r i a b i l i t y  f o r  a s p e c i f i c  observation, as well as t h e  mathematical d i f f i c u l t i e s  
involved i n  solving t h e  t r a n s f e r  equation f o r  a medium with s t a t i s t i c a l l y  
d i s t r i b u t e d  o p t i c a l  parameters. But even t h e  p o s s i b i l i t y  of solving t h e  t r a n s f e r  
equation f o r  heterogeneous media would con t r ibu te  l i t t l e  toward development of 
cloud cover o p t i c s ,  s ince ,  because of t h e  considerable number of parameters of 
t h e  process of propagation of  l i g h t ,  t h e  r e s u l t s  i n  t h e  forms of  t a b l e s  and 
graphs cannot be used t o  solve t h e  problem. The bes t  prospects  are thus afforded 
by f ind ing  macrocharacter is t ics  of t h e  cloud cover such as de f ine  t h e  general  
o u t l i n e  of  t h e  cloud b r igh tness  p i c tu re .  
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Figure 86. Examples of Reciprocal Correlat ion 
Functions f o r  Cumulus Clouds n = 0.3-0.8 ( t  i n  
min): a,  �or Direct  and Sca t t e red  Radiation; b y  
f o r  Sca t t e red  Radiation and Cloud Coverage of t h e  
Zenith. 

Aside from t h e  physical  a spec t ,  an approach such as t h i s  i s  a t  t h e  present  
d i c t a t e d  by t h e  mathematical d i f f i c u l t i e s ,  s ince  s t a t i s t i c a l  a n a l y s i s  i n  t h e  
general  form (without numerical a n a l y s i s  i n  t h e  form of t a b l e s  and graphs) simply 
cannot be accomplish'ed without a convenient and f l e x i b l e  mathematical apparatus.  
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Figure 87. Examples of Reciprocal Correlat ion 
Functions of Direct  and Total  Radiation f o r  
Cumulus Clouds n(a& = 0 . 3  ( t  i n  min). 

Figure 88. Examples of Reciprocal Correlat ion 
Functions of Direct  and Total  Radiation f o r  
Cumulus Clouds n ( 9 d  > 0 . 3  ( t  i n  min). 
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Figure 91. Examples of Reciprocal Corre la t ion  Functions of 
Sca t t e red  and Total  Radiation f o r  Cumulus Clouds ( t  i n  min). 
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Figure 92. Examples of Reciprocal Corre la t ion  Functions of 
Ascending and Descending Fluxes of Shortwave Radiat ion (x i n  
km): 1, Above Layer of Stratocumulus Clouds; 2 ,  3 ,  Ins ide  
Cloud Layer (Sc); 4, Below Layer of Stratocumulus Clouds. 

To i l l u s t r a t e  t h e  foregoing l e t  us  make an excursion i n t o  t h e  f i e l d  of 
molecular physics .  A s  we know, thermodynamics, while it does no t  e n t e r  i n t o  
microscopic examination of processes  never the less  permits  t h e  drawing of a 
l a r g e  number of conclusions regard ing  t h e  general  progress  of such processes ,  
ones which are j u s t  as  r e l i a b l e  as t h e  fundamental laws underlying thermo
dynamics. 

TABLE 6 .  EIGENVALUES OF SHORTWAVE RADIATION INTENSITY. 

ICi, Cs, X u  
ICi, Cs. 3C 
OCi, Cc, 4 -0Ci. Cs, 2Cu 
OCi, Cc. 4fu--oCi, Cs. 2Cu 

18 
18 
18 

' 18 

e5.6 
60.5 
63.0 
49.8 

64.5 
75.0 
79.2 
72.3 

79.6 
84.2 
86.7 
81.4 

86.6 
89.2 
90.4 
86.9 

91.2 
92.4 
93.1 
90.8 

~ C U ,Cb-6Cu 
XU.Cb-6Cu 

18 
18 

64.8 
47.0 

79.2 
68.2 

87.3 
83.6 

91.3 
88.9 

94.2 
92.1 

5 c u  -8CU 18 38.2 63.2 73.9 84.8 -91.2 
~ C U-~ C U  18 50.0 72.2 79.4 85.1 88.3 
~ C U ,- Cb- JCi, 6Cu 9 67.7 68.0 94.1 96.7 97.9--1101CU. Cb - ICI, 6Cu. 18 60.0 79.2 87.0 92.9 95.5 

I n  t r a n s l a t i n g  t h e  foregoing i n t o  t h e  terms of cloud cover o p t i c s  we 
no te  t h a t  cloud br ightness  parameters do n o t  ref lect  many minute d e t a i l s  of 
t h e  macroopt ical  parameters of t h e  elementary s c a t t e r i n g  and absorbing volume. 1199 

_cHence it is  advisable  t o  exclude superf luous d e t a i l s  i n  formulat ion o f  t h e  
problem. From t h e  viewpoint of o p t i c a l  p rope r t i e s  t h e  cloud cover as a whole 
should be charac te r ized  by a small number o f  genera l iz ing  macroparameters. The 
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r e l a t i o n s h i p s  between t h e  cloud cover and r a d i a t i o n  f luxes  f o r  cumulus clouds 
presented i n  Sec t ions  1-4 of  t h i s  chapter  were der ived i n  t h e  first approxima
t i o n  p r e c i s e l y  i n  t h i s  manner. 

~ S S , DVJII 
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Figure 93. Examples o f  Moduli of Reciprocal 
Spec t ra l  Dens i t ies  f o r  Cumulus Clouds, n = 
= 0.3-0.8,  Versus Linear Frequency ( f  i n  min-l):  
a ,  f o r  Direct  and Sca t te red  Radiat ion;  b,  f o r  
Sca t te red  Radiation and Cloud Coverage of t h e  
Zenith . 

In  what fol lows w e  w i l l  consider  t h e  v a r i a b i l i t y  i n  t h e  t ransmission and 
r e f l e c t i o n  of an o p t i c a l l y  dense cloud l a y e r  as a func t ion  of  t h e  v a r i a b i l i t y  
o f  i t s  o p t i c a l  th ickness  due t o  t h e  v a r i a b i l i t y  of  t h e  a l t i t u d e  of t h e  lower 
and upper boundaries,  moisture conten t ,  and micros t ruc ture .  I t  i s  here  assumed 
t h a t  t h e  v a r i a b i l i t y  i n  o p t i c a l  th ickness  may be descr ibed by a normal random 
process  (see Chapter I ,  Sect ion 6 ) .  This obviously i s  p l aus ib l e ,  s ince  t h e  
o p t i c a l  th ickness  i s  formed under t h e  combined inf luence  of severa l  randomly 
varying parameters.  

Approximate so lu t ions  of t h e  t r a n s f e r  equat ion i n  t h e  form of simple 
a n a l y t i c a l  formulas were used f o r  s t u d i e s  of t h i s  kind. O f  t h e  g rea t  number of 
approximate formulas c u r r e n t l y  i n  ex i s t ence  t h e  asymptotic formulas of  G .  V.  
Rozenberg f o r  homogeneous l aye r s  of  o p t i c a l l y  t h i c k  t u r b i d  media have been 
confirmed by ex tens ive  labora tory  s t u d i e s  [ 8 0 ] .  The r e l a t i o n s h i p  has been 
e s t ab l i shed  i n  t h i s  case  between t h e  macrooptical  parameters f igu r ing  i n  t h e  
theory and t h e  microopt ical  parameters o f  clouds [32,  801. 

If apprec iab le  absorpt ion t akes  p l ace  i n  t h e  l a y e r  of t h e  atmosphere below 
clouds,  t h e  t ransmiss ion  c o e f f i c i e n t  p of a p l ane -pa ra l l e l  cloud l aye r  i s  
descr ibed by t h e  following formula: 
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(4.29) 

i n  which po = cos'* 0' 60 is t h e  zen i th  d i s t ance  of t h e  Sun, p = cos 9, 6 i s  t h e  

zen i th  d i s t ance  of t h e  d i r e c t i o n  of observation, y = 2v%, Z i s  a parameter 
cha rac t e r i z ing  t h e  degree of extension of t h e  s c a t t e r i n g  i n d i c a t r i x ,  @ = a/a 
is  t h e  s p e c i f i c  absorption by t h e  cloud mass, a, and a are t h e  c o e f f i c i e n t s  of 
absorpt ion and s c a t t e r i n g ,  which we assume t o  be constant within t h e  -l i m i t s  of 
a p a r t i c u l a r  cloud layer ,  A is  t h e  albedo of t h e  underlying su r face ,  T and T /200 
are t h e  mean o p t i c a l  thickness  of t h e  l aye r  and i t s  dev ia t ion  from t h e  mean, 
and N(pO, v ,  y j  i s  a funct ion introduced t o  s implify t h e  n o t a t i o n  (see [32]).  

IS6,*. (I 

u 

0 ro f 
Figure 94. Examples od Moduli o f  Reciprocal Spec t r a l  
Densi t ies  of Direct  and Total  Radiation f o r  Cumulus 
Clouds n ( 6 d  2 0.3 ( f  i n  min-l) . 

When f3 + 0, t h a t  is ,  when a b s o r p t i o n . i s  e n t i r e l y  absent from t h e  cloud 
layer ,  formula (4.29) is s impl i f i ed  and assumes t h e  form 

(4.30) 

1i n  which c1 = 1 + po f o r  t h e  f l u x ,  o r  c1 = (3 + p0) [31 + 2A 
+ (1 - A)p] f o r  t h e  

-i n t e n s i t y ,  and c2 = ___ i s  constant .  In t h i s  i n s t ance  t h e  r e f l e c t i n g  powerz 
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o f  t h e  cloud l aye r  is  expressed i n  t h e  form of a simple r e l a t i o n  by i t s  trans
mission c o e f f i c i e n t  

i n  which h(p0' p) is  a funct ion independent of t h e  o p t i c a l  th ickness  and . 
d i f f e r ing  but  l i t t l e  from u n i t y  

0 0.5 1.0 f 

Figure 95. Examples o f  Moduli of Reciprocal Spec t ra l  
Dens i t ies  of  Direct  and Total  Radiation f o r  Cumulus 
Clouds, n ( 8 d  = 0.4-0.5 ( f  i n  min-l) .  

-
If t h e  cloud layer  i s  s u f f i c i e n t l y  t h i c k  (y << 1, T + T >> Z) ,  when absorp

t i o n  i s  presenx ( B  f 0) from formula (4.29) we obta in  f o r  t h e  t ransmission 
c o e f f i c i e n t  - 

7+7 
Y 

P ,  r+r) =-E.~ ( p o ,T ( P ~ ,  JT p,  y, A )  e 1 , (4.32) 

i n  which N ( p o ,  p, y ,  A) i s  a func t ion  introduced t o  s impl i fy  t h e  no ta t ion  (see 

[3211. 

Formulas (4.29)-(4.31) a r e  s t r i c t l y  speaking appl icable  t o  desc r ip t ion  of 
t h e  propagation o f  l i g h t  i n  p l ane -pa ra l l e l  ho r i zon ta l ly  homogeneous o p t i c a l l y  
' th ick l aye r s  T +-T > 5, and s ince  f o r  clouds Z % 7 t o  10. Formula (4.32) is 
appl icable  when T + T >> 10. For s tudy of t h e  f l u c t u a t i o n  i n  t h e  b r igh tness  of 
r e a l  clouds by means o f  formulas (4.29)-(4.32) it i s  necessary f o r  t h e  s c a l e s  of 
t h e  he t e rogene i t i e s  of t h e  cloud cover t o  be s l i g h t l y  l a r g e r  than t h e  mean f r e e  
path of a photon i n  a cloud. As w e  know, under n a t u r a l  condi t ions  t h e  t y p i c a l  
scale of t h e  he t e rogene i t i e s  of t h e  cloud cover a r e  much g r e a t e r  than  t h e  mean / 201 
free path of a photon i n  a cloud. The small-scale  he t e rogene i t i e s  encountered i n  
na tu re  are smoothed out  and averaged i n  such t reatment  it remains a problem of 
t h e  fu tu re  t o  t a k e  them i n t o  account. 
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Figure  96. Examples of Moduli of Reciproca l  
S p e c t r a l  D e n s i t i e s  of T o t a l  Radia t ion  and 
Coverage of t h e  Zeni th  br Cumulus Clouds a t  
n(0)  = 0.2-0 .4  (f i n  min l). 

Since formulas (4.29)-(4.32) describe similar situations, we will hence

forth use formulas (4.30) and (4.31) for more detailed analysis, and on the 

basis of relations (4.29) and (4.32) present only formulas for the means, dis
persions, and correlation functions of transmission as a function of the /202
statistical characteristics of the optical thickness. 

On the basis of formulas (1.38) and (4.30) we obtain for the transmission 

probability density 


(4.33) 
in which ci

2
T is the dispersion of the 6ptical chickness. 
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Figure 98. Examples of Moduli of Reciprocal Spec t r a l  
Densi t ies  of Sca t t e red  and Total  Radiation f o r  Cumulus 
Clouds, n = 0.4-0.8 ( f  i n  min-l) .  

The t ransmission c o e f f i c i e n t  p r o b a b i l i t y  d i s t r i b u t i o n  func t ions  a r e  shown 
i n  Figure 1 2 2  p l o t t e d  aga ins t  t h e  mean o p t i c a l  thickness  and i t s  d i spe r s ion .  
c2 = 0.1 and u o  = 0.5  were adopted i n  t h e  ca l cu la t ions .  A s . i s  t o  be seen, t h e  

d i s t r i b u t i o n  funct ion i s  t h e  more asymmetrical t h e  g rea t e r  i s  t h e  d i spe r s ion  of 
t h e  o p t i c a l  thickness .  . In add i t ion ,  t h e  d i s t r i b u t i o n  funct ion extends i n  t h e  
d i r e c t i o n  of t h e  higher t ransmissions.  On t h e  one hand, with inc rease  i n  7 t h e  
maximum i n  t h e  t ransmission d i s t r i b u t i o n  i s  s h i f t e d  toward smaller va lues  of 
P and t h e  maximum br igh tness  p r o b a b i l i t y  increases .  The modal t ransmission does 
not coincide with t h e  t ransmission f o r  t h e  mean o p t i c a l  thickness  but i s  d i s 
placed toward t h e  g r e a t e r  o p t i c a l  thicknesses ,  t h e  f u r t h e r  t h e  g r e a t e r  i s  t h e  
d i spe r s ion  of t h e  o p t i c a l  t h i ckness  and t h e  smaller i s  t h e  mean o p t i c a l  t h i c k 
ness  of t h e  l a y e r ,  t h a t  i s ,  Tmod < T-. On t h e  o the r  hand, t h e  o p t i c a l  thickness

T 

cogresponding t o  mean t ransmission T i s  smaller than t h e  mean o p t i c a l  thickness  
T~(T)< 7.  The empirical  func t ions  of d i s t r i b u t i o n  of zen i th  b r igh tness  and t o t a l  
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r a d i a t i o n  f l u x  p r o b a b i l i t i e s  f o r  unbroken clouds a r e  presented i n  Figure 123. 
The curves have been ca l cu la t ed  t h e o r e t i c a l l y  on t h e  b a s i s  of formula (4.33). 
it i s  t o  be seen from Figures 123, 70, and 73, as well as from [73, 771, t h a t  
t h e  empi r i ca l ly  derived p r o b a b i l i t y  d e n s i t i e s  of b r igh tness  (transmission) are 
asymmetrical and always extend i n  t h e  d i r e c t i o n  of t h e  high br ightnesses .  This 
circumstance does not con t r ad ic t  t h e  hypothesis advanced regarding t h e  normal 
d i s t r i b u t i o n  of o p t i c a l  thickness .  

\ 

I ' \
I \ 

2 1  \ 
I \ 

0 (L3 a6 f 
Figure 99. Examples of Moduli of  Reciprocal Spec t r a l  
Densi t ies  of Ascending and Descending Fluxes of Short
wave Radiation ( f  i n  km-l):  1, Above Layer of S t r a t o 
cumulus Clouds; 2 ,  3, Inside Cloud Layer (Sc); 4 ,  Below 
Layer of Stratocumulus Clouds. 

L; 0 (l) 

b 
a I 

03

7 -__ 
0 0.5 to 1 

0 '  - _  
0.5 t.0 / 

Figure 100. Examples of Coherence Between Direct and 
Sca t t e red  Radiation a,  and Scat tered Radiation and Cloud 
Coverage of t h e  Zenith b with n = 0.3-0.8 (f i n  min-l) .  
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Figure 101. Examples of Coherence 
Between Direct  and Total  Radiation 
f o r  Cumulus Clouds, n(*@) 2 0 .3  (f 

-1i n  min ) .‘ ‘01 1 

Figure 103. Examples of  Coherence 
Between Total  and Radiation and 
Coverage of t h e  Zenith by Cumulus 
Clouds ( f  i n  min-l) .  

0.,3 1.0 f 

Figure 102. Examples of Coherence /182
Between Direct  and Total  Radiation 
f o r  Cumulus Clouds, n ( 9 d  = 0.4-0.5 
( f  i n  min -1) .  

Figure 104. Examples of Coherence 
Between Direct Radiation and 
Coverage of  t h e  Zenith by Cumulus 
Clouds, with n(0) = 0.2-0.4 (f 
i n  min-1). 

/183 
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Figure 105. Examples of Coherence Between Figure 106. Examples of Coherence Between Ascending
Total  and Scat tered Radiation f o r  Cumulus and Descending Fluxes of Shortwave Radiation ( f  i n  
Clouds, n = 0.4-0.5 (f i n  min-l) . km-l): 1, Above Layer of Stratocumulus Clouds; 2., 3 ,  

Inside Cloud Layer (Sc); 4 ,  Below Layer of S t ra to
cumulus Clouds. 
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Figure 107. Examples of Phase S h i f t  ( t ( f )  i n  min) 
Between Scat tered and Direct Radiation a,  and 
Scat tered Radiation and Cloud Coverage of t h e  Zenith 
b ,  f o r  Cumulus Clouds, n = 0.3-0.8, Versus Fre- 1  


quency f i n  min I. 
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Figure 108. Examples of  Phase S h i f t  2 109. Exampl s of Phase S h i f t  
Betwe.en Direct and Tota l  Radiat ion Between Direct and Total  Radiat ion f o r  
f o r  Cumulus Clouds, n(tYG) 2 0.3 ( t  Cumulus Clouds, n(t9@) = 0.4-0.5 ( t ( f )  

(f) i n  min), f i n  min-1). i n  min, f i n  min -1) . 
The mean t ransmiss ion  c o e f f i c i e n t  ( r e f l e c t i o n  f a c t o r ) ,  i t s  d i spe r s ion ,  and 

i t s  c o r r e l a t i o n  func t ion  as a func t ion  of  t h e  v a r i a b i l i t y  of t h e  o p t i c a l  t h i ck 
ness  may be obtained by s u b s t i t u t i n g  i n  formulas (1.39)-(1.a1) t h e  t ransmiss ion  /203 
c o e f f i c i e n t  expressed by r e l a t i o n s  (4.29)-(4.32) .  However, t h e  expressions 
der ived i n  a n a l y t i c a l  form cannot be in t eg ra t ed .  We employ t h e  moment method i n  
order  t o  ob ta in  d e f i n i t i v e  r e s u l t s  i n  t h e  form of  approximate-a n a l y t i c a l  -formulas. 
For t h i s  purpose w e  expand t ransmission c o e f f i c i e n t  T(po, u ,  T + r )  i n t o  a 

Maclaurin series on t h e  b a s i s  of t h e  f l u c t u a t i o n s  i n  o p t i c a l  th ickness  and sub
s t i t u t e  them i n  formulas (1.42)-(1.44).  As w i l l  be demonstrated l a t e r ,  a 
s u f f i c i e n t l y  high accuracy of approximation i s  ensured even by t h e  f irst  terms 
of t h e  expansion. 

The mean c o e f f i c i e n t s  of t ransmiss ion  and r e f l e c t i o n  based on formulas 
(4.29)-(4.32) are expressed by 

(4.34) 

i n  which 
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i n  which 

and 

Figure 110. Examples o f  Phase S h i f t  
Between Tota l  Radiation and Coverage 
of Zenith by Cumulus Clouds a t  n(0)  = 
= 0.2-0.4 ( t ( f )  i n  min, f i n  min-l) .  

than  t h e  r e f l e c t i n g  power of  a p l ane -pa ra l l e l  
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(4.35) 

(4.36) /204 

(4.38) 

(4.39) 

In  formu-as (4.34- -(4.39)-
T(pO,  1-1, T) is  t h e  t ransmission -
c o e f f i c i e n t  and p(po, p ,  T) is  
t h e  r e f l e c t i n g  power of t h e  l aye r  
p l ane -pa ra l l e l  t o  mean o p t i c a l  
th ickness  ;, which may be der ived 
from formulas (4.29) - (4.32) when 
T = 0. I t  i s  t o  be seen t h a t  t h e  
mean t ransmiss ion  i s  expressed by 
t h e  t ransmiss ion  a t  t h e  mean 
o p t i c a l  th ickness  mul t ip l ied  by a 
correspondi'ng co r rec t ion  f a c t o r .  
I t  fol lows from formulas (4.34)
-(4.37) and (4.39) t h a t  t h e  mean 
t ransmission co inc ides  with t h e  
t ransmission a t  t h e  mean o p t i c a l  
th ickness  7 only i n  t h e  l imi t ing  
case,  when t h e  o p t i c a l  th ickness  
d i spe r s ion  approaches zero,  t h a t  
i s ,  when t h e r e  are no f l u c t u a t i o n s  
i n  o p t i c a l  th ickness .  In  a l l  .of 
t h e  cases t h e  mean t ransmission i s  
g r e a t e r  than  would be obtained from 
formulas (4.29)-(4.32) f o r  t h e  
mean o p t i c a l  th ickness .  A t  t h e  
same time, t h e  r e f l e c t i n g  power 
of  a l a y e r  o f  v a r i a b l e  o p t i c a l  
th ickness  (4.38) i s  always lower 
l a y e r  o f -mean o p t i c a l  th ickness  y. 
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Figure 111. Examples of Phase S h i f t  
Between Direct Radiation and Coverage 
of  Zenith by Cumulus Clouds a t  n(0) = 
= 0.2-0.4 ( t ( f )  i n  min, f i n  min-l). 

xa,e.({) 

2J 

Figure 1 1 2 .  Examples of Phase 
S h i f t  Between Total  and Sca t te red  
Radiation f o r  Cumulus Clouds, n = 
= 0.4-0.8 ( t ( f )  i n  min, f i n  min-l) .  

Figure 113. Examples o f  Phase S h i f t  Between Descending 
and Ascending Fluxes of Shortwave Radiation: -1, f o r  
Stratocumulus Clouds; 2, 3, Ins ide  Cloud Layer (Sc);  4 ,  
Below Sc Layer ( x ( f )  i n  km; f i n  km-l). 
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In  bbservat ions,  e s p e c i a l l y  from a g rea t  d i s t ance  (as  from ou te r  space) ,  o r  
i n  .measurements of t h e  s c a t t e r e d  r a d i a t i o n  f l u x  averaging is  performed over a 
c e r t a i n  su r face  R of t h e  cloud layer .  Let us  c a r r y  out a n a l y s i s  of t h e  inf luence 
oE averaging f o r  formulas (4.30) and (4.36). S u b s t i t u t i n g  t h e  value T' = T + 

- -s2i T - T f o r  T i n  formula (4.30) and replacing d i spe r s ion  u2 i n  formula (4.36)
T 

with d i spe r s ion  u
T' 

= uT - aTil , w e  obtain 
2 
t h e  approximate r e l a t i o n  between R-

and a t  t h e  average co r rec t ion  value u ,,
T 

I t
TQ(p,p,7J+z') =T(PO,p,?) [1+c4, (2-op'9)11 (4.40) 

i n  which /205 
c2 

CQ = - 1 

1+c,P 

and u,2 is  t h e  d i spe r s ion  of T values  averaged over region R .  If R --+ 0, then 
Tn -a - 24

T -+ T and O+2 
-+ u2 , t h a t  is, ff R -+ T; i f  R -+ m; then T + T and aTn -+ 0, t h i s

T 

r e s u l t i n g  i n  formula (4.36). 

2 0  

-
I-
I 

LO 

0 140 90 9 

Figure 114. Relat ive Mean Sky Brightness 
Versus Zenith Angle of Direct ion of 
Sight ing for  Cumulus Clouds, n = 0.2
-0.9. I 

T-

0 40 90-9 
Figure 115. Re la t ive  Root Mean 
Square Deviations of Sky Brightness 
Versus Zenith Angle of Direct ion of 
Sight ing f o r  Cumulus Clouds, n = 
= 0.2-0.9. 

7 

If t h e  averaging over space. R i s  i n s u f f i c i e n t ,  t h e  d i spe r s ion  uL is aT' 
random value and t h e  funct ional  r e l a t i o n s h i p  (4.40) between T" and ?" i s  random i n  
nature .  

.... 



Figure  116. Normalized Coeff ic ien ts  of 
Sky Brightness Corre la t ion  (Cumulus 
clouds) at  6 = 5' with Brightness a t  

0-85'. 

Figure 117. Normalized Coef f i c i en t s  
of Sky Brightness Corre la t ion  
(Cumulus Clouds) a t  6 = 3q' with 
Brightness a t  6 = 0-85O. 

3 

The d i spe r s ion  of d i spe r s ion  a;, has been ca l cu la t ed  t o  eva lua te  t h e  random 

nature  of func t iona l  r e l a t i o n s h i p  (4.40). On t h e  assumption t h a t  o p t i c a l  
th ickness  T has a c o r r e l a t i o n  func t ion  of  t h e  form r ( t )  = e-aIt I , an approxi-

T 

mate eva lua t ion  of t h e  d i spe r s ion  of d i spe r s ion  cr22 has been obtained which i s  

0
T' 


expressed as 

or 


(4.42) 
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Figure 118. Normalized Coeff ic ien ts  of  Sky Brightness 
Corre la t ion  (Cumulus Clouds) a t  6 = 65' with t h e  
Brightness a t  Q = 0-85O. 

04 


0 

Figure 119. F i r s t  Eigenfunctions of 
Sky Brightness (Cumulus Clouds) Versus 
Zenith Angle of Direct ion of  Sight ing.  
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Dispersion o22 i n  o4 u n i t s
T o

T' 


and t h e  roo t  mean square devia t ions  
(Figures 1 and 2 and Figure 124) 
have been ca lcu la ted  from formulas 
(4.41) and (4.42), as w e l l  as t h e  
roo t  mean square devia t ion  f o r  

2co r rec t ion  term oT, i n  u n i t s  of 
2a* - a-fi (curve 3 ) .

T t 

As may be seen from Figure 
124, func t iona l  r e l a t i o n s h i p  (4.40) 
i s  t h e  most random i n  averaging 
over a s l i g h t l y  smaller co r re l a t ion  
r ad ius  aR < 1. On increase i n  t h e  
averaging s c a l e  r e l a t i o n  (4.40) 



becomes slowly less random, but  becomes r a p i d l y  ,so when t h e  scale is  
reduced. 

I t  i s  t o  be noted t h a t  expressions similar t o  (4.40) may a l s o  be e a s i l y  1206 
obtained f o r  r e l a t i o n s  (4.29), (4.31),  and (4.32). 

The d i spe r s ions  of t h e  t ransmission and r e f l e c t i n g  power based on formulas 
(4.29) - (4.32) a r e  expressed r e spec t ive ly  by 

(4.43) 

i n  which E i s  given by formula (4.35), 

at==[T (potp,F)] 2 ~ 2 ~ z r( 1+8c2&) t (4.44) 

in-which c is given by formula (4.37), 

&=-( 	 prat 1 -A)z&, (4.45)n 
i n  which aLT i s  given by formula (4.44) , and /207-

(4.46) 

The expressions f o r  t h e  c o r r e l a t i o n  func t ions  i n  t h e  same approximation
. *  f o r  t h e  same r e l a t i o n s ,  ( 4 . 2 9 ) - ( 4 . 3 2 ) ,  are more unwieldy and less easy t o  survey:i' 

(4.48) 

and t h e  c o r r e l a t i o n  func t ions  f o r  t h e  r a d i a t i o n  r e f l e c t e d  from t h e  l aye r  and 
t h a t  passing through it coinc ide :  

TT ( t )=;:rp ( t ) ,  
(4.49) 

(4. SO) 

In  t h e  d e r i v a t i o n  of formulas (4.34)-(4.50) no allowance was made f o r  t h e  
r e s t r i c t i o n  + T > 5, o r  f o r  t h e  circumstance t h a t  t h e  expansions i n t o  a series 
of  formulas (4.30)-(4.31) co inc ide  i f  1c.I < 1. I n  t h i s  ins tance  t h e  f irst  of 
t h e  r e s t r i c t i o n s  i n  our ana lys i s  should obviously be regarded as d e f i n i t i o n  of 
t h e  concept of  an o p t i c a l l y  dense unbroken cloud cover,  while t h e r e  corresponds 
t o  t h e  la t ter  t h e  circumstance t h a t  nega t ive  o p t i c a l  th icknesses  are n o t  
observed i n  na tu re ,  t h a t  is ,  always + T > 0, nor  are i n f i n i t e l y  l a r g e ' o p t i c a l  
d e n s i t i e s ,  t h a t  is ,  T < m. 
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90 J 

Figure 120. Second Eigenfunctions of 
Sky Brightness (Cumulus Clouds) Versus 
Zenith Angles of Di rec t ion  of  Sight ing.  

Let u s  analyze t h e  a p p l i c a b i l i t y  
of  formulas (4.34) - (4. SO). I n  view 
of  t h e  s i m i l a r i t y  of i n i t i a l  formulas 
(4.29)-(4.32), w e  w i l l  confine our
se lves  t o  eva lua t ion  of t h e  accuracy 
of .  t h e  means, d i spers ions ,  and 
c o r r e l a t i o n  func t ions  of t h e  t r a n s 

0.4 


0 


'0.4 


Figure 1 2 1 .  Third Eigenfunctions of 
Sky Brightness (Cumulus Clouds) 
Versus Zeni th  Angle of Direct ion of 
S ight ing. 

mission coe f f i c i en t  obtained on t h e  b a s i s  of formula (4.30).  

To allow f o r  r e s t r i c t i o n s  + T 2 5, I C T ]  < 1, i n  p l ace  of t h e  normal /208 
d i s t r i b u t i o n  func t ion  f o r  o p t i c a l  th ickness  we use t h e  normal d i s t r i b u t i o n  
func t ion  bounded a t  a c e r t a i n  l eve l  a f o r  both p o s i t i v e  and negat ive  f luc tua t ions .  
This  func t ion  i s  expressed by 

(4.51) 
-

i f  I T \ < T - a and p ( ~ )= 0, i f  I T I > f - a ,  i n  which 0 i s  t h e  p r o b a b i l i t y  i n 
t e g r a l ,  o2 i s  t h e  d ispers ion  of t h e  unbounded normal d i s t r i b u t i o n  of o p t i c a l

T 
th ickness ,  and 6(x) i s  t h e  Dirac d e l t a  funct ion.  Thus t h e  p r o b a b i l i t y  d i s t r i b u 
t i o n  func t ion  se l ec t ed ,  (4.51) , i s  normalized, and t h e  symmetrical r e s t r i c t i o n ,  
while not  fundamental, g r e a t l y  s i m p l i f i e s  subsequent opera t ions .  
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0 Q5 9Jl T 
Figure 122. Transmission Probability Distribution Functions 
Calculated with Formula (4.33):  1, 0’ = 16, T = 15; 2,

T -
o2 = 64, 7 = 15; 3, o2 = 100, = 15; 4, UP 64, T = 30. 
T T 


0 b 

a4 0.7 1.0 5 a4 0.7 U r ,  
Figure 123. Probability Distribution Functions for Unbroken 
Clouds: a, for Brightness at the Zenith; b,  for Total 
Radiation Flux. The dots represent empirical data and the 
curves data calculated on the basis of formula (4.33). 
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0.5 

0 20 eo =In1 
Figure 124. Dispersion of Dispersion of Cloud Layer 
Optical  Thickness u2  i n  Units of u: (curve 1); Root 

0 2  
T 

Mean Square Deviation i n  Units o f  u2  Corresponding t o
T 

I t  (Curve 2) ,  and V a r i a b i l i t y  Coeff ic ient  u u 2 (02  - d a ) - '
T

T '  

(Curve 3 ) ,  as Calculated with Formulas (4.41)-(4.42). 

Making use o f , t h e  d i s t r i b u t i o n  funct ion of (4.51) and t h e  expansion i n t o  
a series of formula (4.30), by means of t h e  moment method we determine t h e  
mean t ransmission and i t s  d i spe r s ion  as a funct ion of t h e  values  of parameters /210 
c2, a, T,  and IT:. In  t h i s  i n s t ance  we t ake  t h e  f i r s t  t e n  terms o f  t h e  expansion.-

The r e s u l t s  obtained were u t i l i z e d  i n  ca l cu la t ion  of co r rec t ion  f a c t o r s  g 1 and 

g2 f o r  formulas (4.36) and (4.44),  which, with allowance made f o r  t h e  co r rec t ions ,  

(4.52) 

and 
 -
( 1  + 8 g 2 ~ ~ u ~ ~ ) .  (4.53)uT= [T ( p o ,  p ,  z) I2c2uzT 

Correct ion f a c t o r s  g1 are presented i n  Figures 125-127 f o r  t h e  mean t r a n s 

mission c o e f f i c i e n t  formula. I t  i s  t o  be seen from Figures 125-127 t h a t  
co r rec t ion  f a c t o r  g1 

may be disregarded i f  T / ; ~  > 3, t h i s  corresponding t o  un

broken clouds under n a t u r a l  condi t ions.  A t  t h e  same time, g1 > 0 f o r  a l l  

Eoss ib l e  values  of t h e  parameters. I t  was determined from our experiments t h a t  
T / O ~  > 3 f o r  developed s t r a t i f i e d  and stratocumulus clouds.  This ensures 
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a p p l i c a b i l i t y  of approximate formulas (4.34)-(4.39). Evaluation of  t h e  accuracy 
of  formulas such as (4.36) made i n  [38] has demonstrated t h a t ,  wi th  t h e  
r e s t r i c t i o n s  s t a t e d  above, the divergence yielded by p r e c i s e  ca l cu la t ions  
der ived by numerical l n t e g r a t i o n  of t h e  d i s t r i b u t i o n  func t ion  w i t h  t h e  corre
sponding weighting func t ion  is  only a f e w  percent .  

F i g u r e  125. Correct ion Fac tor  fog Mean Transmission 
Coeff ic ien t  Formula (4.52), with 7: = 20, c2 = 0.1; 

1, a = 6); 2, a = 3; 3,  a = 6 .  

Figure 126. Correction Facto? fog Mean Transmission 
Coeff ic ient  Formula (4.52), with T = 20, a = 3; 1, 
c2 = 0.3; 2 ,  c2 = 0.2; 3, c2 = 0.1. 

The m e a n  t ransmission is always g r e a t e r  than  t h a t  obtained from formulas 
(1.39)-(1.41) f o r  a homogeneous l aye r  a t  t h e  mean o p t i c a l  thickness .  A t  t h e  
same t i m e ,  the r e f l e c t i n g  pawer i s  s m a l l e r  than w i t h  a homogeneous layer of 
mean o p t i c a l  th ickness .  Our measurements revea l  t h a t  t h e  r a d i a t i o n  t ransmission 
of  s t r a t i f i e d  and strat 'ocumulus clouds,  because of t h e i r  heterogenei ty ,  5ncreases  
from 5 t o  15%i n  comparison t o  a homogeneous l a y e r  of o p t i c a l  th ickness  T. 

Simi lar ly ,  t h e  range of a p p l i c a b i l i t y  of formulas (4.53) - (4.46) for cal
c u l a t i o n  of d i spe r s ion  is  r e s t r i c t e d  by the condi t ion t h a t  f a c t o r  g2 must 
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approach uni ty .  As may be seen from F i g u r e s  128-130, which show f a c t o r  g2 as 

a func t ion  of t h e  varying parameters,  t h e  approximate formulas f o r  d i spe r s ion  
are less p rec i se  and thus  t h e  range of a p p l i c a b i l i t y  is narrower i n  comparison 
t o  t h e  formulas for mean transmission. Correct ion f a c t o r  g2 may be disregarded 

i f  ;/aT 4- It is t h i s  which determines t h e  a p p l i c a b i l i t y  of formulas (4.47)
- (4.50) f o r  de r iva t ion  of t h e  au tocor re l a t ion  func t ions  as second moments. The 
au tocorre la t ion  funct ions of o p t i c a l  th ickness  and t ransmission,  and a l s o  of  
t h e  r e f l e c t i n g  power, do not  d i f f e r  s u b s t a n t i a l l y  from each o ther .  The 
c o r r e l a t i o n  r ad ius  f o r  o p t i c a l  thickness  is in  t h i s  case s l i g h t l y  l a r g e r  t h a n  
t h e  c o r r e l a t i o n  r ad ius  f o r  t ransmission,  as may be seen ' f rom Figure 131, which 
shows t h e  au tocorrq la t ion  func t ions  ca lcu la ted  w i t h  formula (4.48). 

9f 
2 

4 

0 

Figure 127. Correct ion Factor  f o r  Mean Transmission Coeff ic ien t  
Formula )4.52)., with a = 3, c2 = 0.1; 1, 7 = 100; 2, ;'= 50; 3,- -
T = 20; 4, T = 10. 

Solu t ion  of t h e  inve r se  problem, t h a t  is ,  determinat ion of  t h e  statistical /213
c h a r a c t e r i s t i c s  of o p t i c a l  th ickness  on t h e  b a s i s  of t h e  statistical 
c h a r a c t e r i s t i c s  of t ransmission is a more complex process.  U t i l i z a t i o n  of the 
moment method entails  c e r t a i n  d i f f i c u l t i e s ,  s i n c e  ;he d i s t r i b u t i o n  of * t ransmission 
may not  be regarded as normal (see Figures  70, 73, and 123). Hence i n  processing 
t h e  r e s u l t s  of experiments use is  made at t h e  present  time of t h e  r e l a t i o n s  

- 
-r=.r/Tt-- CI-T 2 - 2 ~ T 2  f (T'i-2 ~ 3 )-40T2(& -873  14.541-

and 
-

2- +C 2 3  (4.55) 
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obtained by conversion of  formulas (4.36) and (4 .44) .  I t  i s  assumed i n  t h i s  /214 

in s t ance  t h a t  t h e  au tocor re l a t ion  funct ions of o p t i c a l  thickness  and transmi ssion 
coincide.  

4 c 


Figure 128. Correction Factor f o r  Transmission Coeff ic ient  
Dispersion Formula (4.53),  with 7 = 20, c2 = 0.1; 1, a = 0; 

2 ,  a = 3; 3, a = 6 .  

1 - L  


Figure 129. Correct ion Factor f o r  Transmission Coeff ic ient-
Dispersion Formula (4.53), with a = 3 ,  T 20; 1, c2 = 0.3; 

2 ,  c2 = 0.2; 3 ,  c2 = 0.1. 

By means of t h e  moment method, i n  keeping with t h e  foregoing, func t iona l  
r e l a t i o n s  may a l s o  be der ived f o r  t h e  case i n  which t h e  albedo o f  t h e  underlying 
su r face  f l u c t u a t e s  along with t h e  o p t i c a l  thickness .  If t h e  albedo f l u c t u a t i o n s  
described by a normal random process do not c o r r e l a t e  with t h e  f l u c t u a t i o n s  i n  
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(4.57) 

C3 1 
d d ,  cs=-

1 , B = l - A  - i s  t h e  absorpt ion c o e f f i c i e n t  f o r  t h ei n  which '=,-1+ ~ H E  
underlying surface.  T t  is n - b e  noted t h a t  u i  = u2  and r g ( t )  = rA ( t ) .  Ex-

A 
perimental d a t a  on t h e  v a r i a b i l i t y  of  t h e  albedo of t h e  underlying surface a r e  
required f o r  app l i ca t ion  of formulas (4.56)-(4.58),  and t h i s  may c o n s t i t u t e  a 
t a s k  f o r  f u t u r e  research.  . 

The empir ical ly  determined au tocor re l a t ion  and r ec ip roca l  c o r r e l a t i o n  
funct ions and s p e c t r a l  d e n s i t i e s  of zeni th  b r igh tness  and s c a t t e r e d  r a d i a t i o n  
f l u x  f o r  s t r a t i f i e d  clouds (St)  a r e  presented i n  Figures 132-135. The auto-
c o r r e l a t i o n  funct ions f o r  f l u x  and b r igh tness  a r e  gene ra l ly  similar and a l s o  
decrease slowly with inc rease  i n  t h e  displacement i n  time (Figure 132). This 
i n d i c a t e s  t h a t  low-frequency f l u c t u a t i o n s  predominate when s t r a t i f i e d  clouds /215 
are present  and a r e  only s l i g h t l y  smoothed out by averaging over t h e  sky. This 
i s  confirmed by Figure 133, which p resen t s  t h e  s p e c t r a l  d e n s i t i e s  of  zeni th  
b r igh tness  and t o t a l  r a d i a t i o n  f o r  t h e  same observation. The r e c i p r o c a l  
c o r r e l a t i o n  funct ions a r e  presented i n  Figure 134. They a r e  not displaced and 
are symmetrical, while t h e  c o r r e l a t i o n  maximum i s  only s l i g h t l y  smaller  than 
uni ty .  The symmetry and absence of displacement of t h e  r ec ip roca l  c o r r e l a t i o n  
funct ion a r e  ind ica t ions  t h a t  t h e  cloud cover i s  opaque t o  d i r e c t  r ays  of t h e  
Sun, t h a t  is ,  depth condi t ions a r e  p re sen t .  This i n d i c a t e s  t h a t  t h e  weighting 
funct ion on t r a n s i t i o n  from zen i th  b r igh tness  t o  t o t a l  r a d i a t i o n  f l u x  f o r  
o p t i c a l l y  dense s t r a t i f i e d  clouds i s  symmetrical r e l a t i v e  t o  t h e  zen i th  and /216 
does not depend on t h e  azimuth (see t h e ' r e s u l t s  of Sect ion 1-4 of t h i s  chapter) .  
The r ec ip roca l  c o r r e l a t i o n  funct ion i s  accordingly s u b s t a n t i a l .  The r ec ip roca l  
s p e c t r a l  dens i ty  f o r  t h e  observat ion i n  quest ion i s  presented i n  Figure 135. 
We see t h a t  it is  near t h e  s p e c t r a l  d e n s i t y  of zeni th  b r igh tness .  

/217Whenever t h e  cloud l aye r  i s  of s l i g h t  o p t i c a l  thickness  o r  broken clouds -
are observed, asymptotic formulas (4.29)-(4.32),  which desc r ibe  depth condi t ions,  
a r e  not appl icable .  As a r e s u l t  approximate formulas (4.33)-(4.58) der ived 
above, which descr ibe t h e  r a d i a t i o n  condi t ions of an opt ica l . ly  dense cloud 
l aye r  with v a r i a b l e  o p t i c a l  parameters, are a l s o  not app l i cab le .  In keeping 
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with t h e  foregoing, however, by using t h e  approximate so lu t ions  of t h e  transfer 
equation descr ib ing  t h e  r a d i a t i o n  condi t ions  of strata of s l i g h t  o p t i c a l  
th ickness  it is  poss ib l e  t o  de r ive  formulas charac te r iz ing  t h e  v a r i a b i l i t y  of 
t h e  r a d i a t i o n  parameters of t h e  atmosphere when clouds of d i f f e r e n t  shape are 
present .  

Figure 130. Correct ion Factor f o r  Transmission 
-Coeff ic ien t  Dispersion Formula (4.53),  with-

a = 3, c2 = 0.1; 1, T = 100; 2,  T = 50; 3 ,  T = -
= 20; 4, -r = 10. 

Use may ,e made f o r  t h i s  purpose, f o r  example, of t h e  approximz e f  rmula 
of V .  v. Sobolev r931 

(4.59) 

i n  which 

(4.60) 

(4.61) 

and x(y> is  t h e  s c a t t e r i n g  i n d i c a t r i x  and y i s  t h e  angle between t h e  d i r e c t i o n s  
of t h e  inc ident  and t h e  s c a t t e r e d  r ad ia t ion .  
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Figure 131. Correlat ion Functions of  Optical  
Thickness (Curve 1) and Transmission Coef f i c i en t  
of Cloud Layer- Calculated with Formula (4.48):  
2 ,  c2  = 0.1,  T = 20, ;/u 

T 
= 2 ;  3, c 2 = 0.1,- -

T = 20; T / U ~  = 2/3. 

On t h e  b a s i s  of formulas (4.59)-(4.61) and t h e  procedure taken from [32],  
which was described e a r l i e r ,  an expression was derived i n  [39] �or t h e  mean 
t ransmission c o e f f i c i e n t  r e l a t i v e  t o  t h e  f l u x ,  which i s  of  t h e  form-

(PO?‘c+ r )  =ITi (PO,7)+Tz (po,-.) 3 ( 1+czu,2\ + 

i n  which 
C= 

(3---x,) (1  --A) 
4+(3-x,) (1  --A); ’ 

n 

2+@(3-xx,) ( 1  --A); 

(4.62) 

(4.63) 

(4.64) 

-
Tz(PO,
r )  =Ti (--PO, r )e--rllrc. 

If t h e  mean o p t i c a l  thickness  7 > 5, then T2(;) + 0 and formula (4.62) 

assumes a form similar t o  t h a t  of formula (4.36).  The s l i g h t  d i f f e r e n c e  between 
them i s  due t o  t h e  d i f f e r e n c e  i n  t h e  constants  and parameters f i g u r i n g  i n  
approximate formulas (4.30) and (4.59).  

The t ransmission c o e f f i c i e n t  d i spe r s ion ,  when formula (4.59) i s  used, 
i s  expressed by 
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(4.65) 

Like formula (4.62), this expression for dispersion when -T 2 5 is sim- /220 
plified and assumes a form similar to that of formula (4.44). 

0 

\ 
Figure 132. Examples of Measured Correlation Functions 

of Transmission Coefficient for Stratified Clouds: 1, 

for Zenith Brightness; 2, for Total Radiation Flux (t 

in min). 


The formula for the correlation function of transmission in the same 
approximation is even more complex in form than dispersion expression (4.65). 
In view of the fact that the expression derived for the correlation function is 

difficult to survey and it is not advisable to apply it in calculations,we do 

not present it here. 


When 2 5, the approximate formula of the transmission correlation 
function for relation (4.59), like the corresponding formulas for the mean and 
dispersion, is simplified and assumes a form similar to that of formula (4.48). 
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As with formula (4.59), expressions (4 .62 ) - (4 .65 )  obtained above f o r  desc r ip 
t i o n  of r a d i a t i o n  f i e l d  s t r u c t u r e  are app l i cab le  with any o p t i c a l  thicknesses  
0 Q + T < 01. However, formula (4 .59)  is  s t r i c t l y  speaking app l i cab le  only t o  
p l ane -pa ra l l e l  s t ra ta  of t u r b i d  media. Thus whenever t h e  scales of  ho r i zon ta l  
he t e rogene i t i e s  i s  smaller  t han  t h e  vertical ex ten t  of  t h e  cloud cover formulas 
(4 .62) - (4 .65)  presented i n  t h e  foregoing may not be appl ied.  Formulas (4 .62 ) 
- (4 .65)  consequently may be used t o  study a l l  forms of  clouds except f o r  cumulus 
and cumulonimbus ones, i n  which t h e  vertical  extent  of  i nd iv idua l  clouds i s  
o f  t h e  same order  of magnitude as t h e  bases of  t h e  clouds.  

d C  

ao8 

U.04 


Figure 133. Examples of Spec t r a l  Dens i t i e s  
of  Total  Radiation 1 and Zenith Brightness 2 
f o r  S t r a t i f i e d  Clouds (w i n  min-I). 

Sect ion 7 .  Influence of Macroroughness of Upper Boundary of Layered Clouds -on-

Brightness Coeff ic ient  and Albedo 

Under n a t u r a l  condi t ions a l l  n a t u r a l  l i g h t  s c a t t e r i n g  su r faces  o r  t h e  
i n t e r f a c e s  of l i g h t  s c a t t e r i n g  media, including t h e  upper boundary of clouds,  
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! -
are macrorough t o  a g r e a t e r  or l e s s e r  ex ten t .  We know t h a t  surface topography 
may exe r t  a s u b s t a n t i a l  inf luence on t h e  r e f l e c t i o n  p r o p e r t i e s  of t h e  macro-
sur face .  Such problems have been examined i n  general  form f o r  an a r b i t r a r y  
topography by A .  S. Monin [94] ,  and t h e  c h a r a c t e r i s t i c s  of t h e  urban ra.diatibn 
climate by means of geometric models by V .  G .  Kastrov [95] and W .  Kaempfert 
[96, 971. 

Figure 134. Examples of Reciprocal Cor re l a t ion  Functions 
of Zenith Brightness and Total  Radiation Flux f o r  S t r a t i f i e d  
Clouds ( t  i n  min). 

In  r e a l i t y  n a t u r a l  su r f aces  such as t h e  upper boundaries of clouds,  mountain / 2 2 1  
regions,  f o r e s t s ,  snowfields, t h e  su r face  of a heavy sea ,  and so f o r t h  are 
i r r e g u l a r  su r f aces  which it i s  advisable  t o  cha rac t e r i ze  by random func t ions .  
To determine t h e  average r e f l e c t i o n  p rope r t i e s  of such su r faces  it i s  s u f f i c i e n t  
t o  know t h e  d i s t r i b u t i o n  funct ion of t h e  s lopes r e l a t i v e  t o  t h e  angles ,  
t h e  o p t i c a l  p r o p e r t i e s  of t h e  elementary plane su r faces ,  and t h e  d i r e c t i o n  of 
t h e  incident  r a d i a t i o n .  

We adopted an approach such as t h i s  i n  ca l cu la t ions  of t h e  o p t i c a l  parameters 
of t he  su r face  of a heavy sea  [98 ] .  The same approximation i s  used i n  bio
actinometry i n  a n a l y s i s  of r e f l e c t i o n  and transmission by t h e  leaves of p l a n t s  
t h e  o r i e n t a t i o n  of which i n  space i s  uniform o r  conforms t o  a s p e c i f i c  p a t t e r n  
[ 9 9 1 *  

Simulation by means of plane elementary su r faces  involves a number of 
e r r o r s ,  which inc rease  with inc rease  i n  t h e  s teepness  of t h e  s lopes of t h e  su r face  
and t h e  zen i th  d i s t ance  of t h e  d i r e c t i o n  of incident  and r e f l e c t e d  r a d i a t i o n  
[98] .  The major po r t ion  of t h e  e r r o r  i s  due t o  shading o f  some sec t ions  of t h e  
surface by o the r s .  

Design formulas were der ived i n  [61] t o  allow f o r  shading on t h e  su r face  
of t h e  sea ,  ones which i n  p r i n c i p l e  may be applied t o  any l i g h t  s c a t t e r i n g  

153 



macrorough sur faces .  But s i n c e  many na tu ra l  sur faces  (mountain reg ions ,  t h e  
upper boundary of clouds,  and so f o r t h )  are rougher than  t h e  su r face  of t h e  sea ,  
it i s  necessary t o  allow f o r  shading over a wider range o f  s o l a r  a l t i t u d e s  than 
was done i n  [61]. Allowance f o r  shading widens considerably t h e  range of 
a p p l i c a b i l i t y  of t h e  model employed i n  ca l cu la t ions  o f  t h e  o p t i c a l  p rope r t i e s  
o f  t h e  sur face  o f - t h e  sea and renders  such an approach s u i t a b l e  a l s o  f o r  macro-
rough sur faces  having s t eepe r  s lopes .  

In  accordance with [ 9 8 ] ,  w e  present  below formulas t h e  purpose o f  which it 
is  t o  allow f o r  r e f l e c t i o n  from an uneven sur face  when t h e  r e f l e c t i o n  from t h e  
elements of t h e  sur face  i s  d i f f u s e .  If t h e  r e f l e c t i o n  from t h e  elements o f  t h e  
su r face  i s  o r tho t rop ic ,  t h e  design formulas a r e  g r e a t l y  s impl i f i ed  and permit 
t h e  drawing of  a number of conclusions.  

Let us  consider  a l i g h t  beam of  i n t e n s i t y  I (6 ,  c p )  i n  s o l i d  angle  dQ, which /222 
s t r i k e s  t h e  sur face  a t  an angle  6,  c p .  Diffuse ly  sca t t e red  l i g h t  of i n t e n s i t y  
I1(al, cp 1) is  propagated‘in d i r e c t i o n  61, cpl. 

I t  may be demonstrated t h a t  t h e  angles  between t h e  normal of  t h e  sur face  
element, 6n, cp,, and t h e  d i r e c t i o n s  of  t h e  inc ident  and r e f l e c t e d  beam a r e  

expressed r e spec t ive ly  by 

The br ightness  of one s p e c i f i c  s lope  i s  expressed by 

I (el,pi) =cos xie ( x i ,  x 2 )  1(6,q~)dQ, (4.67) 

i n  which p ( x l ,  x,) i s  t h e  br ightness  coe f f i c i en t .  

The por t ion  of t h e  u n i t  s ec t ion  of  su r face  formed by p ro jec t ions  of a l l  
t h e  e lements ,of  t h e  real su r face  with a s p e c i f i c  o r i e n t a t i o n  of t h e  normal 
within s o l i d  angle dR equalsn 

p (finrpn)dQn, (4.68) 

i n  which p(6n’ cp n ) i s  t h e  d i s t r i b u t i o n  funct ion.  

The r e a l  a r ea  of t h e  aggregate of correspondingly or ien ted  sec t ions  per  
u n i t  s u r f a c e . a r e a  w i l l  be 

p(tPn,pn)sec8ndQn, 
(4.69) 

while t h e  a rea  of t h e i r  p ro j ec t ions  onto t h e  u n i t  p lane  perpendicular  t o  
t h e  d i r e c t i o n  of  t h e  s c a t t e r e d  beam i s  defined a s  

p (On, qn) sec Oi sec 6n COS x 2  do,. (4.70) 

From expression (4.67) and (4.70) we de r ive  t h e  br ightness  formula f o r  a beam 
s c a t t e r e d  by s t a t i s t i c a l l y  d i s t r i b u t e d  sec t ions  over range dfi i n  d i r e c t i o n  61 ’n 
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(4.71) 

The t o t a l  i n t e n s i t y  i n  a p a r t i c u l a r  d i r e c t i o n  i s  obtained a f t e r  i n t e g r a t i o n  
r e l a t i v e  t o  19n' 'n within t h e  range corresponding t o  a l l  poss ib le  d i r e c t i o n s  of  /223 

inc ident  r a d i a t i o n  (xl ,  x2 G go"), i n  t h e  form 

It (@I* ~ ) . = s e c  9)d~ je 1x1,xz) p (on,pn)x 
Qn (4.72)

X sec e n  COS xi COS x z  dRn, 
and t h e  r e f l e c t e d  f l u x  i n  t h e  form 

F ( @ , q )  J /i (01,q t )  COS 61dRi. (4.73)
(a) 

Formulas (4.72) and ( 4 . 7 3 )  a r e  appl icable  whenever t h e  br ightness  
c o e f f i c i e n t  var ies  with a l t i t u d e  (mountain reg ions) .  Then i n  p lace  of two
-dimensional d i s t r i b u t i o n  funct ions p (On, ',) we use three-dimensional func t ions  

p(z ,  On,  cp n) and i n t e g r a t e  a d d i t i o n a l l y  with respec t  t o  z .  

When t h e  r e f l e c t i o n  by t h e  su r face  elements i s  o r tho t rop ic ,  
b@(xi,~ 2 )5; * (4.74) 

i n  which b G 1 and t h e  d i s t r i b u t i o n  funct ion does not depend on azimuth cp n' 
a f t e r  simple conversions formula (4.72) assumes t h e  form 

p)d ~ [11(et,pi) tks e q i f  (6, cos fi cos P ( e n ,  pn)x 
*, 

(4.75) 

Thus we obta in  t h e  br ightness  c o e f f i c i e n t  f o r  su r f ace  macroroughness: 

(4.76) 

Provided t h a t  / 2 2 4-

(4.77) 
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t h e  albedo equals  

(4.78) 

t h i s  being approximately equal t o  t h e  albedo f o r  a smooth su r face ,  b, i f  t h e  
roughness i s  not t oo  g rea t .  I t  fol lows t h a t  t h e  albedo of a rough sur face  i s  
always smal le r  than  t h e  albedo of  a smooth sur face ,  s i n c e  

.*~P(@7lh .v )n )cosa,dn,,<j. (4.79) 

I f  t h e  r e s t r i c t i o n s  of (4.77) are adhered t o :  

1. The br ightness  of a rough su r face  i n  t h e  p lane  Icp - cp 1I = ~ r / 2  i s  con

s t a n t  and is  always smaller  than  t h e  br ightness  of a smooth Lambert sur face .  

2. In  t h e  fou r th  sphere,  jcp - c p l  < n / 2 ,  t h e  br ightness  i s  g r e a t e r  than i n  

t h e  f o u r t h  sphere Icp - c p l l  > ~ / 2 ,  and i n  t h e  l a t t e r  case may under t h e  same 

condi t ions  exceed t h e  br ightness  of  a smooth Lambert sur face .  The i n t e n s i t y  of 
backscat tered r a d i a t i o n  i s  g r e a t e r  than  t h e  i n t e n s i t y  of r a d i a t i o n  s c a t t e r e d  
forward, t h e  more so t h e  l a r g e r  are 6 and 61 and t h e  smal le r  i s  lq - cp I .  

In  comparison with a smooth su r face  t h e  macroroughness of  a su r face  con
sequent ly  determines t h e  r e d i s t r i b u t i o n  o f  br ightness  by angles .  

For r e a l  r e f l e c t i o n  i n d i c a t r i c e s  su r face  roughness reduces extension i n  
t h e  d i r e c t i o n  of  t h e  mir ror  r e f l e c t i o n ,  t h e  more s o  t h e  g r e a t e r  i s  t h e  roughness 
and t h e  g rea t e r  i s  t h e  zen i th  d i s t ance  of t h e  Sun. The albedo decreases  with 
inc rease  both i n  su r face  roughness and i n  t h e  zeni th  angle  o f  t h e  Sun. 

The albedo decreases  g r e a t l y  owing t o  shading i n  t h e  region i n  which 
.6 + 6 n ,max >> 90'. This l a t t e r  circumstance s u b s t a n t i a l l y  reduces t h e  mean 

albedo of  clouds and t h e  albedo o f  mountain reg ions ,  a s  well a s  t h a t  of rough 
snow f i e l d s  i n  t h e  high l a t i t u d e s ,  i n  which t h e  a l t i t u d e  of t h e  Sun i s  low. 

The unevennesses of t h e  upper boundary of t h e  cloud cover consequently / 2 2 5  
a f f e c t  t h e  albedo of t h e  su r face  a s  with t h e  v a r i a b i l i t y  of o p t i c a l  th ickness  
( see  Sect ion 6 of t h i s  chapter ) ;  they reduce t h e  r e f l e c t i n g  power and increase  
t h e  r a d i a t i o n  t ransmission of s t r a t i f i e d  clouds.  More d e t a i l e d  experimental 
and t h e o r e t i c a l  ana lys i s  of t h e  r e l a t i o n s h i p s  of t hese  two effects remains a 
t a s k  f o r  f u t u r e  research.  

A 
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CHAPTER V .  STOCHASTIC STRUCTURE OF LONGWAVE RADIATION 
FIELDS OF THE CLOUD ATMOSPHERE 

Section 1 .  Averaged Thermal Radiation Flux Values of t h e  Atmosphere f o r  Cumulus 
Clouds 

-The f l u x  of longwave r a d i a t i o n  of t h e  atmosphere averaged over a c e r t a i n  
t e r r i t o r y ,  F + ( x ,  y, z), i s  i n  t h e  general  case ca l cu la t ed  with t h e  following 
formula taken from [ 7 6 ] :  

s 

In  t h i s  formula S i s  t h e  a rea  of t h e  t e r r i t o r y  i n  quest ion;  dS = dxdy; 
x ,  y a r e  ho r i zon ta l  coordinates;  z i s  t h e  v e r t i c a l  coordinate;  and IJ.(x, y ,  z ,  
6, 'p) i s  t h e  i n t e n s i t y  of r a d i a t i o n  a t  point  (x, y, z) a t  azimuth 'p and zeni th  
angle 6 .  

On t h e  one hand, i n  t h e  case of broken clouds t h e  value of FJ.(x, y ,  z )  i n  
formula (5.1) v a r i e s  g r e a t l y  with change i n  x ,  y [ 7 6 ,  1001. On t h e  o the r  hand, 
w e  note  t h a t  within t h e  l i m i t s  of a t e r r i t o r y  over which clouds of one form a r e  
present  ( i . e . ,  t h e r e  i s  a s p e c i f i c  a i r  mass above t h e  region i n  question and 
t h e r e  are no f r o n t a l  zones) t h e  temperature, pressure,  and moisture content of 
t h e  a i r  undergo r e l a t i v e l y  l i t t l e  v a r i a t i o n  i n  t h e  ho r i zon ta l  d i r e c t i o n .  Hence 
t h e  ho r i zon ta l  v a r i a b i l i t y  o f  t h e  f l u x  of longwave r a d i a t i o n  of t h e  atmosphere, 
FS.(x, y ,  z ) ,  i s  determined c h i e f l y  by t h e  a.mount and d i s t r i b u t i o n  of clouds 
over t h e  sky. 

For a s t a t i s t i c a l l y  i s o t r o p i c  p l ane -pa ra l l e l  atmosphere i n  which t h e  values  
of t h e  meteorological parameters do not vary i n  t h e  horizontal  d i r e c t i o n  and t h e  
lower boundary of a l l  clouds remains a t  t h e  same a l t i t u d e ,  t h e  mean value o f  
t h e  longwave r a d i a t i o n  o f  t h e  atmosphere i s  calculated w i t h  t h e  formula taken 
from [ l o l l :  

niz
-F !  = ,[(  ( t 9 ) / c $(1't)sin Bcos I O ( ~ I ? +  
0 

/226 

/227 

In  t h i s  formula c (6)  i s  t h e  p robab i l i t y ,  averaged over t h e  t e r r i t o r y  i n  quest ion,  
of a free l i n e  of s i g h t ,  i . e . ,  t h e  p r o b a b i l i t y  t h a t  t h e  r a d i a t i o n  at zeni th  
angle  6 w i l l  a r r i v e  from clear p a r t s  of t h e  sky; 1 - c(6)  i s  t h e  p robab i l i t y  
t h a t  t h e  r a d i a t i o n  a t  angle 6 will come from p a r t s  of t h e  sky covered by clouds; 
and Ic*(6) and In&(6)  a r e  t h e  values  o f  t h e  i n t e n s i t y  of thermal r ad ia t ion  

a r r i v i n g  r e s p e c t i v e l y  from c l e a r  and cloud covered p a r t s  of t h e  sky. 
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Calculat ion of F4 from formula (5.2) i s  extremely laborious and, r e q u i r e s  
information on t h e  angular d i s t r i b u t i o n  of c (6 ) ,  Ic4(9) ,  and In&($).  Thus it 

is  of value t o  d e r i v e  s impl i f i ed  approximate formulas f o r  c a l c u l a t i o n  of t h e  
mean values  of t h e  longwave r a d i a t i o n  o f  t h e  atmosphere. I t  is demonstrated i n  
[ l o 2 1  t h a t ,  i f  a cumulus cloud f i e l d  i s  simulated by a set  of randomly arranged 
p l a t e s  s i t u a t e d  a t  t h e  same level ,  t h e  mean f l u x  o f  descending thermal r a d i a t i o n  
i s  defined by t h e  following formula: 

Formula ( 5 . 3 )  may be der ived d i r e c t l y  from formula ( 5 . 2 ) ,  i n  which t h e  
p r o b a b i l i t y  of a free l i n e  of s i g h t  c (6)  does not depend on t h e  zen i th  angle 
and equation c (9)  = 1- n(0) is  s a t i s f i e d ,  on t h e  assumption t h a t  t h e  clouds /228 
represent  absolute  black p l a t e s .  

The p r i n c i p a l  e r r o r s  o f  formula (5.3) have been analyzed i n  [102]. I t  has 
been demonstrated t h a t  t h e  e r r o r  a r i s i n g  i n- determination of t h e  mean value of 
t h e  longwave r a d i a t i o n  of t h e  atmosphere, F 4 ,  f o r  r e a l ,  bounded t e r r i t o r i e s  i s  
i n s i g n i f i c a n t  i f  t h e  area of t h e  region i n  question i s  g r e a t e r  than 100 x 100 

kmL . The assumptions we have made regarding constant temperature,  moisture 
content ,  and p res su re  i n  t h e  ho r i zon ta l  d i r e c t i o n s  are v a l i d  only i n  approxima
t i o n  i n  t h e  r e a l  atmosphere. If t h e  range of v a r i a b i l i t y  of t h e  meteoro
l o g i c a l  parameters i n  t h e  ho r i zon ta l  d i r e c t i o n  i s  narrow i n  t h e  region of 
t e r r i t o r y  S, ca l cu la t ion  o f  F 4 and F 4 on t h e  b a s i s  of t h e  mean v e r t i c a l  

C n 
temperature,  pressure,  and moisture content d i s t r i b u t i o n s  f o r  t h e  p a r t i c u l a r  
region introduces v i r t u a l l y  no add i t iona l  e r r o r s  i n t o  t h e  value of FJ., but i n  
t h e  case of meteorological .parameters i n  t h e  atmosphere with l a r g e  ho r i zon ta l  
g rad ien t s ,  it i s  advisable  t o  use t h e  following approximate formula taken from 
[lo21 : 

In t h i s  formula S i s  divided i n t o  sec t ions  Si i n  such a way t h a t  t h e  range 

of horizontal  v a r i a b i l i t y  o f  t h e  meteorological parameters of t h e  atmosphere 
i s  s u f f i c i e n t l y  narrow within each s e c t i o n ;  F.4 (S . )  i s  t h e  longwave r a d i a t i o n  
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f l u x  ca l cu la t ed  i n  accordance with formula (5.3) on t h e  b a s i s  of t h e  mean 
meteorological parameters f o r  s ec t ion  S. .. I t  has been demonstrated i n  [lo21

1 
t h a t  t h e  e r r o r s  r e s u l t i n g  from use o f  t h e  temperature, moisture content ,  and 
pressure values  averaged over s ec t ions  Si are more o r  less compensated when 

averaging i s  performed over t h e  e n t i r e  t e r r i t o r y  (formula ( 5 . 4 ) ) .  One of t h e  
reasons f o r  t h i s  i s  represented by t h e  s t rong  r a d i a t i o n  (and absorpt ion)  o f  
t h e  lower dense l a y e r s  of t h e  atmosphere, owing t o  which t h e  r o l e  of t h e  r ad ia 
t i o n  from p a r t s  of t h e  atmosphere d i s t a n t  from t h e  point  o f  observat ion i s  
s l i g h t  i n  c rea t ion  o f  t h e  f l u x  o f  thermal r a d i a t i o n  a t  t h e  point  i n  quest ion.  
In  t h e  general  case ,  i n  t h e  event of considerable random v a r i a b i l i t y  o f  t h e  
meteorological parameters, it i s  necessary f o r  c a l c u l a t i o n s  of t h e  mean values  
o f  t h e  thermal r a d i a t i o n  f l u x ,  as with t h e  c a l c u l a t i o n s  o f  t h e  mean shortwave 
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r a d i a t i o n  values  ( see  Chapter I V ,  Sect ion 6 ) ,  t o  know t h e  c h a r a c t e r i s t i c s  of /229 
v a r i a b i l i t y  of t h e s e  parameters a t  l e a s t  within t h e  framework of c o r r e l a t i o n -
-dispers ion ana lys i s .  I t  i s  found, however, t h a t  i n  t h e  majori ty  of cases  t h e  
main source o f  e r r o r s  r e s u l t i n g  from formula (5.3)  w i l l  be represented by t h e  
f a c t  t h a t  we do not allow f o r  t h e  r a d i a t i o n  of t h e  s i d e s  of clouds.  The c o n t r i 
but ion o f  t h i s  a d d i t i o n a l  r a d i a t i o n  depends on t h e  v e r t i c a l  thickness  and 
temperature o f  t h e  clouds,  and t o  a g rea t  extent  a l s o  on t h e  na tu re  of d i s t r i b u 
t i o n  of t h e  clouds over t h e  sky. I f  t h e  clouds were t o  be concentrated i n  one 
l a r g e  mass, t h e  r o l e  o f  t h e  r a d i a t i o n  of t h e  s i d e s  of t h e  mass would be i n s i g n i 
f i c a n t ,  but with broken clouds o f  g rea t  v e r t i c a l  thickness  (Cu) t h e  r a d i a t i o n  
con t r ibu t ion  made by t h e  s i d e s  o f  t h e  clouds t o  t h e  r a d i a t i o n  f l u x  i% may be 
appreciable .  To allow f o r  t h e  r a d i a t i o n  o f  t h e  s i d e s  o f  t h e  clouds [ lo21  
proposes in t roduc t ion  i n t o  formula (5.3) of a co r rec t ion  f a c t o r  by t h e  amount 
of which t h e  values  of n(0) i n  t h i s  formula are t o  be increased. According t o  
t h e  t e n t a t i v e  estimates o f  [102], i n  t h e  case of one cloud t h e  value of t h i s  
co r rec t ion  f a c t o r  equals  5 / 2 ,  while f o r  a cloud f i e l d  with mean cloud frequency 
K it w i l l  be 1 / 2  KE ( i n  which 5 i s  t h e  mean v e r t i c a l  thickness  of t h e  clouds 
and K i s  t h e  cloud frequency, i . e . ,  t h e  mean number of clouds pe r  un i t  l eng th ) .  

I t  may a d d i t i o n a l l y  be assumed t h a t  formula (5.3) can a l s o  be r e f ined  by 
using t h e  corresponding averaged r e l a t i v e  cloudiness values  i n  it i n  p l ace  of 
absolute  cloudiness values  ( n ( 0 ) ) .  This method is  recommended, f o r  example, 
i n  [103], but without any q u a n t i t a t i v e  est imates .  

In  [ l o l l  t h e  averaged values  of t h e  back r a d i a t i o n  o f  t h e  atmosphere cal
cu la t ed  with formula (5.3)  f o r  t h e  f r e e  cloud models indicated above a r e  compared 
with t h e  corresponding r e s u l t s  obtained with more p r e c i s e  formula ( 5 . 2 ) .  (Back 
r a d i a t i o n  i s  understood t o  mean t h e  thermal r a d i a t i o n  o f  t h e  atmosphere a t  t h e  
l eve l  o f  t h e  E a r t h ' s  su r f ace . )  The s t a t i s t i c a l  c h a r a c t e r i s t i c s  of clouds required 
i n  r a d i a t i o n  c a l c u l a t i o n s  ( ~ ( 0 ), n(O), 5 ,  K, n) have been determined f o r  a 
real  cloud system on t h e  b a s i s  of t h e  r e s u l t s  of an experiment conducted by V .  /230
G .  Plank [104] .  In t h i s  s tudy cumulus cloud systems were photographed from 
a i r c r a f t  and s tudied f o r  a per iod of 19 days a t  i n t e r v a l s  of 1 - 2  hours ( i n  t h e  
v i c i n i t y  of Tampa, F lo r ida ,  28' nor th  l a t i t u d e ) .  The most t y p i c a l  cases  were 
se l ec t ed  and subjected t o  t h e  most thorough ana lys i s  possible .  A s  a r e s u l t  
a n a l y t i c a l  formulas were derived i n  [ l o 4 1  f o r  determination of t h e  var ious 
s t a t i s t i c a l  c h a r a c t e r i s t i c s  of cumulus clouds.  The parameters appearing i n  these  
formulas were a l s o  determined experimentally as a funct ion o f  t h e  i n t e n s i t y  of 
t h e  ascending a i r  flows and as a funct ion of t ime. A d e s c r i p t i o n  i s  given of 
t h e  d i u r n a l  v a r i a t i o n  in  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of clouds as a funct ion 
of t h e  amount of clouds.  I t  i s  t o  be noted t h a t  t h e  r e s u l t s  of t h e  s t u d i e s  
c i t e d  i n  [lo41 a r e  i n  good q u a l i t a t i v e  agreement with t h e  r e s u l t s  o f  our 
s t u d i e s  presented i n  Chapter 111. To a s c e r t a i n  t h e  p a t t e r n s  of v a r i a t i o n  i n  
t h e  averaged values  o f  atmospheric back r a d i a t i o n  as a funct ion o f  t h e  amount 
of clouds it i s  p re fe rab le  t o  use  t h e  experimental d a t a  o f  [lo41 f o r  two reasons: 
f i r s t l y ,  more c l e a r c u t  de t ec t ion  o f  t h e  t y p i c a l  f e a t u r e s  of back r a d i a t i o n  i s  
f o s t e r e d  by t h e  r e l a t i v e l y  g r e a t  v e r t i c a l  thickness  of t h e  t r o p i c a l  cumulus 
clouds within masses, and secondly, t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  
th i ckness  of cumulus clouds have not as ye t  been s tudied i n  s u f f i c i e n t  d e t a i l  
i n  our experiments. 
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Figure 135. Reciprocal Spec t ra l  Density of 

Zenith Brightness and Total  Radiation Flux f o r  
S t r a t i f i e d  Clouds (w i n  min-l) .  

The so-ca l led  " typica l  cloud cover" a l t e r n a t i v e ,  which cha rac t e r i zes  t h e  
p i c t u r e  of cumulus cloud f i e l d  development most o f t en  encountered from 0800 
t o  1700 hours (Figure 136) was se l ec t ed  from t h e  ma te r i a l s  i n  [104]. In  
add i t ion ,  use  was made of  3 observat ions of p a r t i c u l a r l y  t h i c k  cumulus clouds.  
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Figure 136. Example of Typical 
Diurnal Var ia t ion  i n  Cumulus 
Clouds (Based on [104]). 

The d a t a  r e s u l t i n g  from V. G. /231 
Plank's experiment [lo41 unfor tuna te ly  -
do not  contain t h e  information on 
temperature,  p ressure ,  and moisture con
t e n t  of t h e  atmosphere necessary f o r  
ca l cu la t ions  of  back r ad ia t ion .  I t  
was necessary f o r  t h i s  reason t o  perform 
ca lcu la t ions  based on a "model" s t ra t i 
f i c a t i o n  o f  t h e  atmosphere which m e t  
t h e  requirements of l a b i l e  s t ra t i f ica
t i o n  and corresponded t o  t h e  cumulus 
cloud season.and t o  t h e  climatic condi
t i o n s  of F lo r ida  [ l o l l .  

The design model proposed and 
analyzed i n  [64, 101, 1051 was used t o  
c a l c u l a t e  t h e  va lues  of c (6)  and n (see 
Chapter 111, Sect ion 1 ) .  

As was noted ear l ier ,  t h e  d iu rna l  
v a r i a t i o n  i n  t h e  back r a d i a t i o n  of  t h e  
atmosphere a t  t h e  l eve l  of  t h e  Ea r th ' s  

sur face  is  determined from formulas ( 5 . 2 )  and (5 .3) ,  a s  well  a s  from t h e  
following formulas analogous t o  (5 .3) :  

9 -L 1 - - n(45°)]'F,C+n(450)P:n+, (5.51 

F J .=( I -n)Fc;cJ+nP,, 1. (5.6) 
In t h i s  ins tance  

11 ( 4 5 O )  =n (0 )+, 1 xh. 

(5 .7)  

The values  of F 4 and F J. required f o r  these  ca l cu la t ions  were ca lcu la ted  
C n 

by the  un ive r sa l ly  known method by use of t h e  i n t e g r a l  t ransmission func t ion  
[106, 1081. 

The r e s u l t s  of t hese  ca l cu la t ions  are presented i n  Table 7 .  The values of  
n(O), n ,  n (4S0) ,  6, K, F 

C
4 ,  and n4 a r e  a l s o  given i n  t h e  Table. The d a t a  i n  

Table 7 confirm t h e  well-known f a c t  176, 1031 t h a t  t h e  dense absorbing l aye r s  
of t h e  atmosphere near  t h e  ground g r e a t l y  a t t enua te  t h e  inf luence  o f  clouds on 
back r a d i a t i o n .  Thus t h e  d iu rna l  v a r i a t i o n  i n  t h e  back r a d i a t i o n  f l u x  i s  much 
less pronounced than t h e  d iu rna l  v a r i a t i o n  i n  t h e  cloud cover. The cloud cover 
i s  i n  t h e  cases  i n  quest ion never the less  an important f a c t o r  causing v a r i a b i l i t y  
i n  r a d i a t i o n :  t h e  amplitude of  t h e  d iu rna l  v a r i a t i o n  i n  F4 i s  appreciably 
g r e a t e r  than  t h e  amplitude of t h e  d iurna l  v a r i a t i o n  i n  P J and "4. The n a t u r a l  

C 
cause i s  i n  t h i s  ins tance  represented by t h e  na tu re  of  v a r i a t i o n  i n  t h e  amount 
of clouds during t h e  day: t h e  maximum amount of clouds v i r t u a l l y  coincides  with 
t h e  maximum a i r  temperature.  
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The sh ie ld ing  effect of  t h e  a i r  l aye r  below t h e  clouds i s  unquestionably 
one of  t h e  f a c t o r s  guaranteeing c lose  agreement of  t h e  r e s u l t s  of back r a d i a t i o n  
c a l c u l a t i o n  based on d i f f e r e n t  methods of allowing f o r  t h e  inf luence  o f  t h e  /233 
cloud cover. When t h e  humidity values  are l a rge  enough a l l  3 s impl i f i ed  
methods ( those based on n(O), n(45') and n) apparent ly  permit c a l c u l a t i o n  of 
t h e  average back r a d i a t i o n  f l u x  va lues  with e r r o r s  of  less than  3%. The va lues  
o f  k-4 obtained on t h e  b a s i s  of  n(0)  are c o n s i s t e n t l y  unders ta ted ,  t h e  r e s u l t s  
obtained by use of  n are c o n s i s t e n t l y  exaggerated, and t h e  r e s u l t s  based on 
n(450) i n  a l l  t h e  cases inves t iga t ed  by u s  yielded t h e  bes t  agreement with t h e  
re f ined  back r ad ia t ion  va lues  ( those obtained with formula (5.2)) .  In  t h e  
last-named case t h e  absolu te  back r a d i a t i o n  e r r o r  does not  exceed kO.1 mwicm-2, 
t h i s  represent ing  only about 0 . 3 %of  t h e  va lues  of  p4. 

TABLE 7 .  COMPARISON OF VARIOUS METHODS OF CALCULATING 
AVERAGED VALUES OF ATMOSPHERIC BACK RADIATION FLUXES 

. Time 

I 

'., 12 

Typical cloud cover 

106-09 0.062 
2-10 0.180 
3 IO-ll 0.262 
4 11-12 0.309 
5 12-13 0.349 
6 13-14 0.477 
7 14-15 0.309 
8 15-16 0.185 
9 16-17 0.072 

0.075 
0.218 
0.318 
0.375 
0.423 
0.579 
0.375 
Q.224 
0.067 

0.147 
0.337 
0.454 
0.516 
0.566 
0.710 
0.517 
0.344 
0.161 

0.146 0.191 36.5 36.5 
0.276 0.277 33.4 38.0 
0.5 I3 0.217 39.I 38.8 
0.466 0.291 39.9 39.3 
0.603 0.246 40.0 39.4 
0.854 0.238 41.4 40.6 
0.935 0.141 39.5 39.0 
0.856 0.092 38.0 37.6 
0.522 0.059 36.0 35.9 

36.6 
38.3 
39.1 
40.0 
39.9 
41.3 
39.4 
37.9 
36.0 

37.1 
39.1 
40.0 
40.7 
40.9 
42.1 
40.4 
38.7 
36.6 

36.1 
36.8 
37.0 
37.3 
37.1 
37.6 
36.9 
36.3 
35.4 

43.1 
43.6 
43.7 
43.9 
43.8 
44.0 
43.7 
43.4 
42.9 

Very thick clouds 

IO 9-10 0.421 
11 12-13 0.642 

0.511 
0.778 

0.650 
0.851 

0.326 0.519 40.4 39.9 
0.892 0 . 3 5  42.1 41.7 

40.5 
42.5 

41.5 
42.9 

37.I 
38.0 

43% 
43.8 

15-16 0.290 0.351 0.492 0.857 0.143 39.0 38.4 38.8 39.8 36.4 43.4 

\ 
\ Analysis of t h e  p o s s i b i l i t i e s  of ob ta in ing ,  i n i t i a l  information on t h e  

var ious  cloud cover parameters shows t h a t  it i s  t h e  e a s i e s t  t o  determine t h e  
amount.\of absolu te  c loudiness  (by means of s a t e l l i t e  photographs, f o r  example). 
Determihation of t h e  i n i t i a l  d a t a  f o r  ca l cu la t ion  of n and n(45') r equ i r e s  
t h e  orgarhzat ion o f  a spec ia l  experiment i n  each s p e c i f i c  case  [ l O l ,  1051. For 
t h i s  reasor;\\it i s  of i n t e r e s t  t o  a r r i v e  a t  empir ical  formulas permi t t ing  
c a l c u l a t i o n  &\n and n(45') s o l e l y  on t h e  b a s i s  of  abso lu t e  c loudiness  da ta .  
I t  i s  demonstrated i n  [ l o l l  t h a t  on t h e  b a s i s  of  t h e  ma te r i a l s  i n  quest ion 
(numbers 1-12) th 'a , re la t ionship  between n(0) and n i s  descr ibed well by t h e  
empir ical  formula \ 

~\ 

n =n (0)+0.8 [ 1 -n (0) 3 [n (0)1°.9 ( 5 . 8 )  
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and t h e  r e l a t i o n s h i p  between n(0) and n(45") by t h e  formula 

R (45') =1.2n (0). (5.9) 
Comparison of formula (5.8) with approximation formula (3.8) obtained on 

t h e  b a s i s  of  our measurements shows t h a t  t h e  con t r ibu t ion  made b y ' t h e  lateral  
surfaces  of clouds under t r o p i c a l  climatic condi t ions i s  twice as g rea t  as i n  
t h e  temperature l a t i t u d e s .  This apparent ly  i s  l a r g e l y  due t o , t h e  r e l a t i v e l y  
g r e a t  thickness  of t h e  cumulus clouds of t h e  t r o p i c s .  

Curves p l o t t e d  on t h e  b a s i s  of formulas (5.8) and (5.9) a r e  presented i n  
Figure 137, i n  which c i r c l e s  and d o t s  designate  r e spec t ive ly  t h e  values  of n /234 
and n(45') taken from Table 7. We see t h a t  t h e r e  i s  very  c lose  agreement between 
t h e  r e s u l t s  of t h e  experimental m a t e r i a l s  and formulas (5.8) and (5.9). I t  
should be observed, however, t h a t  formulas (5.8) and (5.9) should be regarded 
as merely approximate, s i n c e  they were derived on t h e  b a s i s  of experimental 
matergals f o r  only one geographic point  (Tampa, F lo r ida ) .  

0 0.5 48 *it31 
Figure 137. Values of  n and n(45') Versus Corresponding 
Absolute Cloudiness Values. C i r c l e s :  r e l a t i v e  cloudiness 
ca l cu la t ed  on t h e  b a s i s  of V .  G .  Plank's d a t a  (cases numbers 
1-12); do ts :  n(45') ca l cu la t ed  on t h e  b a s i s  of V .  G .  Plank's 
da ta ;  curve: c a l c u l a t i o n  with formula (5.8);  s t r a i g h t  l i n e :  
c a l c u l a t i o n  with formula (5.9).  

The d a t a  of [101, 104, 1051 permit both c a l c u l a t i o n  of tKe averaged r ad ia 
t i o n  f l u x  values  and determination of t h e  mean angular d i s t r i b u t i o n  of t h e  
i n t e n s i t y  of thermal r a d i a t i o n  as a funct ion of t h e  amount and form of clouds-
and t h e  meteorological parameters. The 	mean i n t e n s i t y ,  1 4  (9) i s  ca l cu la t ed  

3from t h e  formula 2 - 7+(61,- I ,  & qtjj. 
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I+(8) l e +  (8)+[ 1 -c (8)
=c  (6) IIn4 (e), (5.10) / 2 3 5  

i n  which Ic4(6) and In$(&) a r e  t h e  i n t e n s i t i e s  with clear and overcast  s k i e s  

r e spec t ixe ly .  As an example Figure 138 p resen t s  curves of t h e  angular d i s t r i b u 
t i o n  of 14(6) ,  Ic4(6) and In4(6) f o r  cases  number 11 and 1 2  obtained i n  [ lo41  

by averaging over individual  observations.  As was t o  be expected, t h e  cloud 
cover reduces t h e  angular dependence of r a d i a t i o n  i n t e n s i t y .  For example, i n  
t h e  case of an unbroken cloud cover t h e  values  of  I 4 ( 6 )  a r e  v i r t u a l l y  indepenn . 
dent of 6 over t h e  range 6 = 0-70°. 

a b 

40 I- . L 
n 40 * B O .  0 40 80. 4 

Figure 138. Angular Dependence of Descending I n t e n s i t y  of 
Thermal Radiation ( in  mw*cm-2*ster-1) f o r  Cases a ,  no. 11 
( i n  n(0) = 0.642) and b ,  1 2  (n(0) = 0.290) Calculated 
with Formula (5.10): 1, Ins (6); 2 ,  74 (6); 3 ,  IC$(6). 

Proper s e l e c t i o n  of cloud cover c h a r a c t e r i s t i c s  and obtaining t h e  i n i t i a l  
information f o r  t h e i r  determination a r e  thus  of s u b s t a n t i a l  importance i n  
solving problems r e l a t i n g  t o  t h e  ene rge t i c s  o f  t h e  atmosphere. For example, 
t o  determine t h e  durat ion of sunshine it i s  necessary t o  have d a t a  on t h e  d iu rna l  
v a r i a t i o n  i n  ~ ( 6 ~ )(ao i n  t h i s  i n s t ance  being t h e  zen i th  angle of t h e  Sun), and 

t o  determine t h e  mean values  of thermal r a d i a t i o n  i n t e n s i t y  d a t a  a r e  required 

on t h e  v a r i a t i o n  i n  c(6) with v a r i a t i o n  i n  t h e  zeni th  angle.  Data on absolute  /236 

cloudiness ,  n(O), a r e  o f  .fundamental importance i n  determination o f  t h e  mean 

values  of t h e  r a d i a t i o n  f luxes  of t h e  atmosphere. I t  must be emphasized t h a t  

it i s  necessary t o  conduct add i t iona l  experimental s t u d i e s  under d i f f e r e n t  

c l i m a t i c  condi t ions f o r  t h e  purpose of d e f i n i t i v e  establishment of  t h e  poss ib i  

l i t i e s  of determining t h e  values  of n and n(45') on t h e  b a s i s  of d a t a  on 

absolute  cloudiness alone. 
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Since t h e  c a l c u l a t i o n s  presented i n  t h e  foregoing on t h e  mean back 
r a d i a t i o n  values  were performed on t h e  b a s i s  of approximate models o f  t h e  
v e r t i c a l  d i s t r i b u t i o n s  of t h e  meteorological parameters, t h e  r e s u l t s  obtained 
should be regarded as being merely approximate. To obtain information on 
r a d i a t i o n  f luxes  i n  t h e  case o f  cumulus clouds it i s  e s s e n t i a l  t o  conduct 
s t u d i e s  f o r  t h e  purpose of accumulating dependable d a t a  on t h e  v a r i a b i l i t y  o f  
temperature and humidity i n  t i m e  and space. 

Sect ion 2. V a r i a b i l i t y  of I n t e n s i t y  and Fluxes of Longwave Radiation 

When cumulus clouds a r e  present  t h e  br ightness  of thermal r a d i a t i o n  between 
clouds i s  v i r t u a l l y  constant ;  it f l u c t u a t e s  s l i g h t l y  within individual  clouds 
and changes ab rup t ly  on t r a n s i t i o n  from cloud t o  clear sky. Hence, as with 
t h e  s ta t i s t ica l  c h a r a c t e r i s t i c s  o f  shortwave r a d i a t i o n  (see Chapter IV), t h e  
s t a t i s t i ca l  c h a r a c t e r i s t i c s  of t h e  br ightness  and f l u x  of atmospheric back 
r a d i a t i o n  are i n  t h e  first approximation determined by t h e  d i s t r i b u t i o n  o f  
clouds over t h e  sky and t h e  mean dependence o f  t h e  br ightness  o f  clouds and t h e  
sky between them on t h e  zen i th  angle i n  t h e  region of thermal r a d i a t i o n .  In
formation on t h e  d i s t r i b u t i o n  of t h e  i n t e n s i t y  of atmospheric thermal r a d i a t i o n  
as a funct ion of t h e  zen i th  angle was presented i n  t h e  preceding sec t ion .  By 
making add i t iona l  u se  of information on t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of 
cumulus clouds,  which were s tudied i n  Chapter 111, l e t  us a s c e r t a i n  t h e  b a s i c  
p a t t e r n s  o f  v a r i a b i l i t y  i n  thermal r a d i a t i o n .  

Up t o  zen i th  d i s t ances  of t h e  Sun 9 G S O 0 ,  a t  which t h e  inf luence of t h e  
la teral  po r t ions  of clouds i s  s l i g h t ,  t h e  v a r i a b i l i t y  o f  t h e  i n t e n s i t y  of long-
wave r a d i a t i o n  up t o  f requencies  t h e  per iods of which are comparable t o  t h e  
dimensions o f  t h e  clouds approaches t h e  v a r i a b i l i t y  of cloud coverage o f  t h e  
zen i th  (Sun). A c o r r e l a t i o n - s p e c t r a l  a n a l y s i s  of cloud coverage of t h e  sky i n  
t h e  d i r e c t i o n  o f  t h e  zen i th  and Sun was presented i n  Chapter 111, Section 2 ,  
and f o r  t h i s  reason w i l l  not be d e a l t  with here.  

The s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  back r a d i a t i o n  f l u x ,  as with t h e  
r e l a t i o n s h i p s  between t h e  parameters of clouds (Chapter 111, Section 5) and 
shortwave r a d i a t i o n  (Chapter I V ,  Sect ion 3 ) ,  a r e  connected by a l i n e a r  r e l a t i o n -

,, sh ip  t o  t h e  s t a t i s t i ca l  c h a r a c t e r i s t i c s  of br ightness  a t  t h e  zen i th .  We assume 
'.the br ightness  f i e l d  t o  be i s o t r o p i c  in  space. We a d d i t i o n a l l y  assume t h a t  

t h e  i n d i c a t r i x  both f o r  clouds and f o r  gaps does  not vary with f l u c t u a t i o n s  i n  
br ightness .  The i n d i c a t r i c e s  f o r  clouds and cl.ear sky may d i f f e r  from each 
o the r  i n  t h i s  instance.  Owing t o  t h e  g r e a t e r  o p t i c a l  thickness  of clouds i n  
t h e  region o f  thermal r a d i a t i o n ,  t h e  assumption regarding constant i n d i c a t r i c e s  
agrees much more c l o s e l y  with t h e ' a c t u a l  condi t ions than i n  t h e  v i s i b l e  region 
of t h e  spectrum. 

The weighting funct ion f o r  t r a n s i t i o n  from zen i th  b r igh tness  t o  back 
r a d i a t i o n  f l u x  i s  similar t o  t h e  weighting funct ion f o r  t r a n s i t i o n  from zeni th  
br ightness  t o  s c a t t e r e d  r a d i a t i o n  (4.1) and is  of t h e  form 

(5.11) 
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i n  which F.l i s  the  mean f l u x  o f  atmospheric back r a d i a t i o n ,  and InJ.(8) and ICs 

(9) are t h e  mean cloud b r igh tness  and clear sky b r igh tness  i n  t h e  longwave
region o f  t h e  spectrum. 

The climatic condi t ions o f  Estonia  were taken i n t o  account i n  t h e  calcula
t i o n s  o f  t h e  thermal r a d i a t i o n  i n t e n s i t y  f o r  "model" s t r a t i f i c a t i o n .  The 

temperature a t  t h e  Ea r th ' s  su r f ace  i s  assumed t o  equal 2OoC, and i t s  v e r t i c a l  

d i s t r i b u t i o n  i s  determined by t h e  l a b i l e  s t r a t i f i c a t i o n  of t h e  atmosphere i n  

t h e  case o f  cumulus clouds.  Thus t h e  temperature gradient  from t h e  Ea r th ' s  

surface t o  t h e  condensation l e v e l  equals  -10"/km and -6'/km above t h i s  l e v e l .  

I t  was here  assumed t h a t  t h e  lower boundary of t h e  cloud cover i s  s i t u a t e d  

a t  t h e  l eve l  o f  1 km. The r e l a t i v e  humidity value a t  t h e  l e v e l  of t h e  E a r t h ' s  

su r face  ca l cu la t ed  on t h e  b a s i s  of t hese  d a t a  i n  accordance with [lo91 i s  

66%. I t  i s  assumed t h a t  t h e  r e l a t i v e  humidity inc reases  s l i g h t l y  s t a r t i n g  a t  /238 

t h e  Ea r th ' s  su r f ace ,  becomes constant i n  t h e  cloud l aye r ,  and decreases  a t  a 

r e l a t i v e l y  r ap id  ra te  above t h e  clouds.  The atmospheric p re s su re  was ca l cu la t ed  

from t h e  barometric formula p z=o = 1,000 mb. 


The angular d i s t r i b u t i o n  of t h e  mean b r igh tness ,  normalized with t h e  b r igh t 
ness  a t  t h e  zen i th  with mean cloud coverages of t h e  zen i th  of 0 .1 ,  0 .3 ,  0 .5 ,  . 
and 0 .8 ,  i s  shown i n  Figure 139. We see  t h a t  t h e  b r igh tness  always inc reases  
toward t h e  horizon, t h e  more r a p i d l y  t h e  smaller i s  t h e  mean amount of cloudiness 
a t  t h e  zeni th .  

The inc rease  i n  br ightness  
toward t h e  horizon i s  due c h i e f l y  
t o  t h e  inc rease  i n  t h e  contr ibu
t i o n  by t h e  n a t u r a l  r a d i a t i o n  of 
t h e  atmosphere between t h e  clouds 
and t h e  observer.  I t  i s  advisable  
t o  d i s r ega rd  t h e  dependence o f  
b r igh tness  on t h e  zeni th  angle 
f o r  e f f ec t ing  t h e  t r a n s i t i o n  from 
t h e  s t a tist ica1 charact erist ics 
of zeni th  b r igh tness  t o  t h e  
back r a d i a t i o n  c h a r a c t e r i s t i c s ,  
a l s o  in.view o f  t h e  smoothing of 

0 ro 80 .tc t h e  f l u c t u a t i o n  i n  cloud br ightness  

Figure 139. Angular Dependence of Mean on passage o f  r a d i a t i o n  through 

Relat ive Descending I n t e n s i t y  of Thermal the  l a y e r  of t h e  atmosphere below 

Radiation Calculated with .Formula (5.10) : t h e  clouds.  The s p e c t r a l  
c h a r a c t e r i s t i c  o f  t h e  f i l t e r  f o r1, n(0) = 0.1; 2,  n(0) = 0.3;  3 ,  n(0) = such a t r a n s i t i o n  was presented

= 0.5; 4, n(0) = 0 . 8 .  i n  Chapter IVY Sect ion 1, i n  t h e  /239 
form of formula ( 4 . 2 ) .  The 

r e s u l t s  of c o r r e l a t i o n - s p e c t r a l  a n a l y s i s  o f  t h e  f l u x  of longwave r a d i a t i o n  o f  
t h e  atmosphere must f u l l y  coincide with t h e  corresponding c h a r a c t e r i s t i c s  f o r  
s c a t t e r e d  r a d i a t i o n  obtained on t h e  assumption t h a t  t h e  mean br ightness  of 
shortwave r a d i a t i o n  does not depend bn t h e  zeni th  angle o f  observat ion (see 
Chapter I V ,  Sect ions 1 and 3 ) .  
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As w e  saw i n  Chapter I V ,  Sect ion 5, i n  which t h e  r e s u l t s  of  experimental  
s t u d i e s  of sky b r igh tness  i n  t h e  shortwave reg ion  of t h e  spectrum were presented,  
i n  t h e  major i ty  of cases  t h e  br ightness  inc reases  s l i g h t l y  toward t h e  horizon 
(Figure 114). Hence co r re l a t ion - spec t r a l  ana lys i s  of t h e  r e s u l t s  of measure
ments of t h e  s c a t t e r e d  r a d i a t i o n  f l u x  f o r  cumulus clouds (see Chapter I V ,  
Sect ion 3) i n  t h e  f i rs t  approximation a150 desc r ibes  t h e  v a r i a b i l i t y  of  long-
wave atmospheric r ad ia t ion .  

Let us  proceed t o  ana lys i s  of t h e o r e t i c a l  s t u d i e s  of t h e  longwave r a d i a t i o n  
f i e l d  above cumulus clouds.  The cloud f i e l d  i s  simulated by means of a normal 
random process ( see  Chapter I ,  Sect ion 6) t h e  parameters of which were determined 
by way of experiment and were presented i n  Chapter 111. Since no experimental  
d a t a  were ava i l ab le  on t h e  meteorological parameters of t h e  atmosphere i n  t h e  
case of  cumulus clouds,  use was made of a model of  l a b i l e  s t r a t i f i c a t i o n  f o r  
summertime condi t ions .  We assume t h a t  t h e  lower boundary of  t h e  clouds i s  
s i t u a t e d  a t  an a l t i t u d e  of 1 km. 

The means, d i spe r s ions ,  v a r i a t i o n  c o e f f i c i e n t s ,  and c o r r e l a t i o n  func t ions  
of  t h e  i n t e n s i t y  and f l u x  of ascending longwave r a d i a t i o n  above cumulus clouds 
have been ca l cu la t ed  f o r  t h e  model of t h e  atmosphere i n  quest ion a s  a func t ion  
of t h e  amount of  clouds a t  t h e  zeni th .  

The mean i n t e n s i t y  of ascending r a d i a t i o n  i s  expressed by 

i n  which t h e  nonaveraged br ightness  of t h e  clouds i s  ca lcu la ted  with t h e  formula 

V T h ) ' .  (5.13) 

In  t h i s  i n s t ance  h i s  t h e  he ight  from t h e  base of t h e  cloud, T i s  t h e  tempera- /240n 
t u r e  of t h e  lower boundary of t h e  cloud, 0 i s  t h e  Stefan-Boltzmann cons tan t ,  
and VT is  t h e  temperature grad ien t  of  t h e  cloud su r face ,  assumed i n  our calcu
l a t i o n s  t o  equal VT = 6.5' km-l .  

To s implify t h e  ca l cu la t ions  we l i n e a r i z e  r e l a t i o n  (5.13) r e l a t i v e  t o  h 
As a r e s u l t  of t h e  s impl i f i ca t ions  we obta in  

I n t  =aTnC -4aTn3VTh.  
(5.14) 

The e r r o r  of formula (5.14) of course increases  with increase  i n  height  h .  When 
h = 1 km t h e  i n t e n s i t y  of t h e  ascending r a d i a t i o n  i s  exaggerated by 6%. 

Making use of t h e  funct ion of  p r o b a b i l i t y  dens i ty  d i s t r i b u t i o n  of  t h e  su r 
face of cumulus clouds i n  a l t i t u d e  (3.20)  and formula (5.14) w e  ob ta in  f o r  mean 
br ightness  Tn? t h e  expression 

(5.15) 
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i n  which 
w= a r g c r f [  1 -2 n ( q  1. if n (0)S 0 . 5  

and ’ w =  -a rger f [ l  - 2 n ( 0 ) ] ,  i f  n(0)>0.5. 

Subs t i t u t ing  (5.15) i n  expression (5.12), w e  ob ta in  t h e  design formula 
f o r  t h e  mean i n t e n s i t y  of ascending r a d i a t i o n .  The d i spe r s ion  and au tocorre la 
t i o n  func t ion  are, i n  accordance with [ 28 ] ,  expressed approximately by /242 

(5.16) 

and 

(5.17) 

i n  which @ i s  t h e  p r o b a b i l i t y  i n t e g r a l ,  ,Ptk) i s  t h e  k-order d e r i v a t i v e  of t h e  
-0.31t l  .p r o b a b i l i t y  i n t e r v a l ,  and r2 ( t )  = e i s  t h e  c o r r e l a t i o n  funct ion of  a 

continuous random process ( see  Chapter 111). 

Let u s  nuw present  t h e  r e s u l t s  of numerical ca l cu la t ions  f o r  t h e  model of /243
t h e  atmosphere descr ibed above, which were obtained by means of formulas (5.12)
-(5.17). Figure 140 shows t h e  angular  d i s t r i b u t i o n  of  t h e  mean r a d i a t i o n  
i n t e n s i t y  f o r  zeni th  c loudiness  of 0 .2 ,  0 .5 ,  and 0 .8 .  I t  i s  t o  be seen t h a t  
t h e  r a d i a t i o n  i n t e n s i t y  decreases  with increase  i n  t h e  zen i th  angle  of observa
t i o n ,  t h e  more r a p i d l y  t h e  smal le r  i s  t h e  zeni th  c loudiness .  Figure 141 
i l l u s t r a t e s  t h e  mean ascending f l u x  of r a d i a t i o n  and i t s  d i spe r s ion  a s  a func t ion  
of  coverage of  t h e  zeni th .  The mean r a d i a t i o n  f l u x  decreases  slowly with 
increase i n  t h e  amount o f  clouds.  The d ispers ion  of t h e  f l u x  i s  small  and 
undergoes v i r t u a l l y  l i n e a r  i nc rease  with increase  i n  c loudiness .  This  i s  c l e a r l y  
t o  be seen from Figure 142, which shows t h e  c o e f f i c i e n t  of v a r i a t i o n  i n  t h e  
ascending f l u x  o f  thermal r a d i a t i o n .  With mean amounts of clouds t h e  root  mean /244
square dev ia t ion  i s  approximately 2-3% of t h e  mean. 

The normalized c o r r e l a t i o n  func t ions  f o r  a normal random process  ?nd f o r  
t h e  br ightness  of thermal r a d i a t i o n  with amounts of  clouds a t  t h e  zeni th  of 0 .1 ,  
0.3, 0.5, and 0.7 a r e  presented i n  Figure 143. We see t h a t  t h e  c o r r e l a t i o n  
r ad ius  decreases  with decrease  i n  t h e  amount of clouds.  

Comparison of  t h e  c o r r e l a t i o n  func t ions  presented i n  Figure 143 with t h e  
c o r r e l a t i o n  func t ions  of zen i th  coverage presented i n  Figures  35 and 36 
reveals t h a t  t hey  d i f f e r  but l i t t l e  from each o the r  i n  t h e  f i r s t  approximation. 
The c o r r e l a t i o n  func t ions  f o r  t h e  ascending f l u x  of thermal r a d i a t i o n  coincide 
i n  t h e  first approximation with t h e  co r re l a t ion  func t ions  of s c a t t e r e d  r a d i a t i o n  
and, as w e  saw ear l ie r ,  a l s o  with t h e  c o r r e l a t i o n  func t ions  of t h e  descending 
f l u x  o f  thermal r a d i a t i o n  of t h e  atmosphere (see Chapter I V ,  Sect ion 1 ) .  
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Sect ion  3.  Reuresent at  i on  o f  

0.04, 

1 
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0 40 80 9 

Figure 140. Angular D i s t r ibu t ion  of 
Mean Ascending I n t e n s i t y  o f  Thermal 
Radiation ( i n  mw*cm-2*ster-11) with 
Cloudiness a t  t h e  Zenith of 0.2, 0 .5 ,  
and 0.8,  as Calculated with Formula 
(5.12).  

r a d i a t i o n  as a funct ion o f  zerhth angle 9 was 
which may e a s i l y  be reduced t o  t h e  form 

Dis t r ibu t ion  i f  Brightness of 
Longwave Radiation over t h e  
Sky by Means of Eigenfunctions 

Theoret ical  c a l c u l a t i o n s  
were made of t h e  eigenfunctions 
and eigenvalues of t h e  i n t e n s i t y  
of thermal r a d i a t i o n  averaged 
over t h e  azimuth and of t h e  
zonal f l ux .  The i n i t i a l  d a t a  
used were represented by t h e  
r e s u l t s  o f  experimental s t u d i e s  
o f  t h e  d i s t r i b u t i o n  of cumulus 
clouds over t h e  sky (Chapter 
111) and t h e  mean d i s t r i b u t i o n s  
ca l cu la t ed  i n  t h e  preceding 
s e c t i o n  o f  t h e  i n t e n s i t y  o f  
thermal r a d i a t i o n  f o r  clear and 
cloudy s k i e s  as a funct ion o f  
t h e  zen i th  angle f o r  model 
s t r a t i f i c a t i o n .  

The i n t e n s i t y  of thermal 
ca l cu la t ed  with formula (5.10) ,  

(5.18) 

Only a p a r t  o f  t h i s  formula - [In&(9) - IcJ ($)I i s  t h e  weighting funct ion f o r  

t h e  experimental d a t a  on ' t he  d i s t r i b u t i o n  o f  clouds over t h e  sky i n  c a l c u l a t i o n s  

of t h e  eigenvalues and o f  t h e  eigenfunct ions of t h e  i n t e n s i t y  of thermal 

r a d i a t i o n .  This g r e a t l y  s i m p l i f i e s  numerical ca l ch la t ions .  The weighting 
/245 
funct ion and t h e  i n t e n s i t y  of back r a d i a t i o n  f o r  c l e a r  and cloudy s k i e s  a s  a 
funct ion of t h e  zen i th  kngle  are presented i n  Figure 144. 

On t h e  assumption t h a t  t h e  br ightness  of clouds and of t h e  c l e a r  s k y  i s  
constant i n  t i m e  f o r  individual  zeni th  d i r e c t i o n s ,  t h e  normalized c o r r e l a t i o n  
matrix o f  b r igh tness  coincides  with t h e  c o r r e l a t i o n  matrix of t h e  presence o f  
clouds (see Chapter 111, Sect ion 4) .  The f irst  t h r e e  eigenfunctions f o r  r ad ia 
t i o n  i n t e n s i t y ,  averaged over t h e  azimuth, are presented i n  Figures 145-147. /246 
Comparison o f  t h e s e  eigenfunctions with t h e  eigenfunctions f o r  t h e  presence of 
clouds (Figures 49-51) r e v e a l s  t h a t  they are s imilar .  The eigenfunctions f o r  
t h e  i n t e n s i t y  of thermal r a d i a t i o n  a t  t h e  horizon decrease somewhat more 
r a p i d l y  than do t h e  eigenfunct ions f o r  t h e  presence of clouds.  The d i spe r s ion  
o f  r a d i a t i o n  i n t e n s i t y  eigenfunctions from observation t o  observation i s  smaller 
than t h a t  of t h e  corresponding funct ions f o r  t h e  presence o f  clouds. Comparison 
of t h e  first eigenfunct ions o f  t h e  i n t e n s i t y  of shortwave (see Figure 119) and 
longwave (Figure 145) r a d i a t i o n  shows t h a t  t h e  l a t t e r  have no maximum but undergo 
almost l i n e a r  decrease with inc rease  i n  t h e  zen i th  angle.  The second and t h i r d  
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.e igenfunct ions a r e  similar i n  t h i s  instance.  This i n d i c a t e s  t h a t ,  as with t h e  
presence of clouds,  t h e  f l u c t u a t i o n s  i n  thermal r a d i a t i o n  are t h e  most extensive 
around t h e  zeni th  and decrease monotonically with inc rease  i n  t h e  zen i th  angle.  

a 

0.035 

I 
T 

0 03 

/
L U  n m 

b 

0 

Figure 141. Relat ionships  Calculated with Formulas 
(5.15) and (5.16): a,  Ascending Flux of Thermal 
Radiation ( i n  mw2-cm-2) and b y  i t s  Dispersion ( i n  
'mw29cm-4) Versus Coverage of t h e  Zenith by Cumulus 
Clouds. 

The eigenvalues and t h e  r e l a t i v e  accuracy of expansion when t h e  first i t h  
cbmponents a r e  used f o r  t h e  thermal r a d i a t i o n  i n t e n s i t y  averaged over t h e  
azimuth a r e  presented i n  Table 8. The first eigenfunctions account f o r  81-85% 
of t h e  d i spe r s ion ,  and t h e  f i r s t  t h r e e  eigenfunctions cover 94-96% of t h e  
dispers ion.  Comparison of  t h e s e  d a t a  with Table 3 r e v e a l s  t h a t  t h e  thermal 
r a d i a t i o n  i n t e n s i t y  i s  described more accu ra t e ly  by means of t h e  f i r s t  o r  f irst  
t h r e e  eigenfunctions than i s  t h e  d i s t r i b u t i o n  of clouds. 

S imi l a r ly  ca l cu la t ed  eigenfunctions f o r  zonal thermal r a d i a t i o n  a r e  pre
sented i n  Table 9, and t h e  f irst  t h r e e  eigenfunctions i n  Figures 148-150. I t  
i s  t o  be seen t h a t  t h e  f i r s t  eigenfunctions account f o r  70-83% of t h e  d i spe r s ion  
and t h e  f i rs t  t h r e e  around 95%. 
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Figure 142. Coeff ic ien t  of Var ia t ion  i n  Ascending Flux 
of Thermal Radiation Versus Coverage of  t h e  Zenith by 
Cumulus Clouds, 

Figure 143. Autocorrelat ion Functions o f  Normal Random Process 
(-) and of Ascending I n t e n s i t y  of Thermal Radiation Calculated 
with Formula (5.17),  with Cumulus Clouds Present :  ---Y n(0) = 
= 0.7; - - - a y  n(0)  = 0.5; n(0)  = 0.3; - , n(0) = 0.1. 
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Figure 144. I n t e n s i t y  of Back Radia
t i o n  f o r  Cloudy l and Clear 2 Skies  
and Weighting Function f o r  Cumulus 
Clouds 3 Versus Zenith Angle, as 
Calculated with Formula (5.18).  

Figure 145. F i r s t  Eigenfunctions of 
Back Radiat ion I n t e n s i t y  Averaged 
over t h e  Azimuth Versus Zenith Angle 
of Di rec t ion  of S ight ing .  

The eigenfunct ions of t h e  /252 
thermal r a d i a t i o n  f l u x  by zones a r e  
similar t o  t h e  eigenfunct ions f o r  
t h e  r e l a t i v e  zonal c loudiness  
(Figures 52-54) . The eigenfunct ions 
f o r  t h e  f l u x  by zones a t  t h e  horizon 
decrease more r a p i d l y  i n  t h i s  
i n s t ance  and t h e i r  d i spe r s ion  i s  
smaller  i n  comparison with t h e  
eigenfunct ions f o r  t h e  r e l a t i v e  
zonal c loudiness .  

Sect ion 4.  Experimental S tudies  of-
____ of-Clouht h e  Fine--ctFucture -__ 
F i e l d s  -_Brightness ___ i n  t h e  8-13 y 

SDectral  Reeionl 

In  t h e  experimental  research  on t h e  br ightness  f i e l d s  of shortwave r a d i a t i o n  
t h e  r e s u l t s  of which were presented i n  Chapter I V ,  no s tudy  was made of t h e  
f i n e  s t r u c t u r e  of br ightness  f i e l d s ,  and thus  of t h e  f i n e  s t r u c t u r e  of  cloud 
formations.  Study of  t h e  f i n e  s t r u c t u r e  of br ightness  f i e l d s  i n  t h e  v i s i b l e  
reg ion  o f  t h e  spectrum proved t o  be impossible owing c h i e f l y  t o  t h e  low 
re so lv ing  power of t h e  narrow angle  r a d i a t i o n  d e t e c t o r s  (with a viewing angle  
of  t h e  order  of  one degree; see Chapter I I ) ,  and a l s o  t o  t h e  considerable  i n e r t i a  

- -_ _  - - - . . . . - _- .. .

lThe authors  wish t o  thank Yu. A. Shub f o r  h i s  va luable  advice and t h e  a t t e n t i o n  
he  bestowed on t h e  work, a s  well a s  G .  F .  Asyakin, N .  Y e .  Vystavkin, and 
V. V. Mikhaylov f o r  t h e i r  a s s i s t a n c e  i n  t h e  measurements and processing of  t h e  
r e s u l t s  presented i n  t h i s  s ec t ion .  
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of  t h e  d e t e c t o r s  and o f  t h e  recording system as a whole (see Chapter I ,  Sect ion 
3 ) .  A t  t h e  same time, s tudy o f  t h e  f i n e  s t r u c t u r e  of cloud formations by
o p t i c a l  methods i n  t h e  shortwave region o f  t h e  spectrum is  b a s i c a l l y  impossible 
because o f  t h e  averaging o f  t h e  r a d i a t i o n  s c a t t e r e d  by cloud p a r t i c l e s  over t h e  
considerable volume p a r t i c i p a t i n g  i n  formation o f  t h e  l i g h t  s c a t t e r e d  by t h e  
clouds. 
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Figure 146. Second Eigenfunctions of 
Back Radiation I n t e n s i t y  Averaged 
over t h e  Azimuth Versus Zenith 
Angle. 

Figure 147. Third Eigenfunctions 
of Back Radiation I n t e n s i t y  
Averaged over t h e  Azimuth Versus 
Zenith Angle. 

The f i n e r  s t r u c t u r e  o f  cloud 
formations i s  access ib l e  t o  
study by o p t i c a l  methods i n  t h e  
in f r a red  r a d i a t i o n  region of t h e  

spectrum, i n  which t h e  br ightness  p rope r t i e s  o f  clouds are determined c h i e f l y  
by t h e i r  su r f ace  l aye r .  This means, however, t h a t  only t h e  s t r u c t u r e  o f  t h e  
surface l a y e r s  of t h e  clouds a r e  a c c e s s i b l e  t o  study. 

The importance of research o f  t h i s  kind t o  determine t h e  r e l a t i o n s  between 
t h e  r a d i a t i o n  and t h e  physical  parameters of clouds has been pointed out  i n  
many works [84, 110-1121. To e s t a b l i s h  t h e s e  r e l a t i o n s h i p s  i t  i s  necessary t o  
know t h e  var ious parameters of t h e  cloud cover: form, o p t i c a l  thickness ,  /253 

albedo, moisture content ,  cloud b r igh tness ,  and so f o r t h ,  as w e l l  as t h e i r  
v a r i a t i o n  i n  time and i n  space. One o f  t h e  parameters determining t h e  condi
t i o n s  c h i e f l y  of t h e  su r face  l a y e r s  of t h e  cloud cover,  and accordingly t h e  
one t h e  most c l o s e l y  a s soc ia t ed  with t h e i r  r a d i a t i o n  p rope r t i e s ,  i s  t h e  tempera
t u r e  heterogenei ty  of cloud f i e l d s .  
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TABLE 8 .  EIGENVALUES OF THERMAL RADIATION INTENSITY /248 
AVERAGED OVER THE AZIMUTH 

n(0) = 0.3 n(0)= 0.3 n(0)= 0.5 
n= 0.4 n = 0.5 n = 0.7 
N =  15 N = 2 1  N =28_- - - - .  - - 2  

s ( x , ) .10-5 , 
_ _  . _  . _.. 

0.2845 73.5 0.37 19 85.6 0.2345 83,4 0.3820 81.3' 
0.0630 89.8 0.0311 92.8 0.0192 90.2 0.0508 92.1 
0.0212 95.3 0.0I72 96.8 0.0097 93.7 0.0177 96.0 
O.Oo90 97.7 0.0070 98.4 0.0085 98.7 0.008 I 97.7 
0.0041 98.8 0.0032 99.I 0.0041 98.2 0.0049 98.7 
0.0027 99.5 0.0022 99.6 0.0033 99.4 0.0032 99.4 
0.0013 99.8 0.0012 99.9 0.0011 99.8 0.00'0 99.8 
0.0010 100.0 0.0004 100.0 O.OOO5 100.0 0.0010 100.0 
o.oO01 109.0 0.0002 100.0 v.oo00 100.0 o.wo1 I 0 0 , O  

TABLE 9. EIGENVALUES OF ZONAL FLUX OF ATMOSPHERIC / 249-
THERMAL BACK RADIATION AVERAGED OVER THE AZIMUTH 

- __ . -. ._- _  
~~~ ~ ~ 

n(0)= 0.2 n(0) = Q.3 n(0) = 0.3 n(0)= 0.5 
n = 0.5 n = 3.4 n = 0.5 n= 0.7 
N =34 N = 1 5  N = P 1  N =28 

-___I .- __ -_ .- - . . -- - . -...___ . - . .. - -_
~ . - .. .. 

0.4370 80.3 0.1875 72 3 0.5164 83.3 
0.0686 32 3 0.0363 86 3 0.0542 92.1 
0.0180 96.2 0.0176 93 1 0.0265 96.4 
0.0107 96.2 OB084 96.1 0.0107 98.1 
0.0065 99.4 0.0054 98.2 0 . W  99.1 
0.0017 99.7 0.0032 99.1 0.0030 99.6 
0.0013 99.9 0.oor7 993 0.0018 99.9 
0.00 17 100.0 0.OOilQ 100.0 0.0010 100 0 
0.00rM 1000 0.0000 1oc).o 0.m 100.0 

Problems of t h i s  n a t u r e  r e l a t i n g  t o  study of t h e  s p a t i a l  s t r u c t u r e  a s  
one determining t h e  c h a r a c t e r i s t i c s  of t h e  cloud cover have a l s o  been discussed 
i n  [17, 114-1161. 

In what follows w e  present  t h e  r e s u l t s  of experimental s tudy of t h e  f i n e  
s t r u c t u r e  of cloud formations of var ious forms obtained by means of a high 
speed instrument cha rac t e r i zed  by f a i r l y  high s p a t i a l  r e s o l u t i o n  (4' x 4 ' )  
i n  t h e  8-13 1-1 water vapor window. The instrument employed i s  described i n  
Chapter 11, Sect ion 4, and some of t h e  r e s u l t s  obtained are presented i n  [59, 
1171.  A r epor t  was made i n  [115] on inves t iga t ion  o f  t h e  s p a t i a l  s t r u c t u r e  
of t h e  br ightness  f i e l d s  of t h e  clouds of t h e  upper and lower t i e r  i n  t h e  
8-12 1-( region of t h e  spectrum. The c o r r e l a t i o n  func t ions  of cloud br ightness  
presented i n  t h i s  work were obtained with an instrument possessing a f a i r l y  
high s p a t i a l  r e so lu t ion  (10 '  x 30!j. The r e s u l t s  of t h e s e  s t u d i e s  may not be 
regarded as complete, however, s i n c e  they were obtained f o r  a s p e c i f i c  cloud 
f i e l d  s i t u a t i o n  ( a t  t h e  zen i th )  over a sho r t  time i n t e r v a l  (5  hours) with 
equipment cha rac t e r i zed  by r e l a t i v e l y  low s e n s i t i v i t y  and considerable  i n e r t i a .  
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Figure 148. F i r s t  Eigenfunctions of 
Zonal Back Radiation Versus Zenith 
Angle. 
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Figure 150. Third Eigenfunctions 
of Zonal Back Radiation Versus 
Zenith Angle. 
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Figure 149. Second Eigenfunctions 
of Zonal Back Radiation Versus 
Zenith Angle. 

In t h e  process of study of 
cloud r a d i a t i o n  processes w e  a r e  
faced with t h e  problem of d e t e r 
mining t h e  form of the  cloud cover, 
t h i s  a t  t h e  present  time being 
accomplished exclusively by v i s u a l  
means i n  keeping with t h e  c l a s s i f i c a 
t i o n  of clouds [118]. A s  we know, 
however, t h i s  method of determination 
i s  t o  some extent  sub jec t ive  and 
i s  not i n  keeping with t h e  c a p a b i l i 
t i e s  of the  equipment employed (see 
Chapter 11, Section 4,  and [117]). 
In.  add i t ion ,  v i s u a l  determination 
of  t h e  form of t h e  cloud cover at  
n igh t  i s  v i r t u a l l y  impossible. 
Hence t o  determine t h e  form of 
clouds f o r  purposes of i d e n t i f i c a t i o n  
i n  daytime and e s p e c i a l l y  a t  n igh t  
it i s  d e s i r a b l e  to develop equipment 

methods t h e  a p p l i c a t i o n  of which would e l imina te  observer e r r o r .  A t  t h e  present  /254 

time t h e  region of  n a t u r a l  cloud r a d i a t i o n  (8-13 p) appears t o  be t h e  most 

promising one f o r  t h e  app l i ca t ion  of equipment methods. 
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The number of  parameters determining t h e  r a d i a t i o n  p r o p e r t i e s  of clouds 
is f a i r l y  l a r g e  i n  t h e  case of  ground measurements, and f o r  t h i s  reason simul
taneous measurement of  a l l  of  them i s  not  poss ib l e  at  t h e  present  time. In t h e  
process of t h e  work measurement was made, along with t h e  b r igh tness  s t r u c t u r e  
i n  t h e  water vapor window, a l s o  of  t h e  a i r  temperature of t h e  ground layer ,  
t h e  coordinates  of t h e  s e c t i o n  of  sky s tud ied ,  and t h e  a l t i t u d e  of  t h e  Sun. The 
use of high speed equipment f o r  b r igh tness  measurements permits t h e  assumption 
t h a t  t h e s e  parameters are constant  f o r  individual  s p e c i f i c  observat ions.  

In  t h e  following study of t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  of  cloud formations 
t h e  la t ter  have been c l a s s i f i e d  i n  accordance with [118]. In  t h i s  case as 
well, as i n  study of t h e  s t r u c t u r e  of t h e  cloud cover i n  t h e  v i s i b l e  region 
of t h e  spectrum and t h e  s t r u c t u r e  of shortwave r a d i a t i o n  (see Chapters I11 and 
I V ) ,  we assume it t o  be permissible  t o  use t h e  hypothesis regard ing  t h e  
s ta t is t ical  i s o t r o p i c i t y  of t h e  r a d i a t i o n  f i e l d s  and cloud cover of  t h e  forms of 
clouds inves t iga t ed ,  and a l s o  t o  apply t h e  normal l a w  of d i s t r i b u t i o n  t o  
f l u c t u a t i o n  of t h e  b r igh tness  f i e l d s  of longwave r a d i a t i o n  ( see  Chapter I ,  
Sect ion 6 ) .  In s t u d i e s  of t h e  f i n e  s t r u c t u r e  of i n t e n s i t y  it i s  more j u s t i f i a b l e  
t o  apply the  hypothesis regarding i s o t r o p i c i t y ,  s ince ,  according t o  t h e  theory 
of turbulence,  t h e  depa r tu re s  from i s o t r o p i c i t y  inc rease  with inc rease  i n  t h e  
scales i n  space. 

The r e s u l t s  of  many years  of r e sea rch  make it p o s s i b l e  t o  gain an idea 
of t h e  v a r i a b i l i t y  i n  space of  t h e  b r igh tness  of cumulus, altocumulus, and 
c i r r u s  clouds. Chief ly  t h e  r e s u l t s  of measurement of a s i n g l e - t i e r  cloud 
cover were subjected t o  processing. The r e sea rch  program c a l l e d  f o r  t h e  
following: 

1) Determination of t h e  in f luence  of  t h e  Sun on t h e  v a r i a b i l i t y  i n  space
o f  f l u c t u a t i o n s  i n  t h e  r a d i a t i o n  of  var ious clouds; 

2) i n v e s t i g a t i o n  of  t h e  angular d i s t r i b u t i o n  of  t h e  r a d i a t i o n  o f  a 
c loud les s  sky; 

3) comparison of t h e  v a r i a b i l i t y  i n  space of t h e  b r igh tness  of daytime 
and night t ime clouds; 

4) i n v e s t i g a t i o n  of  t h e  f l u c t u a t i o n s  i n  r a d i a t i o n  on t h e  i l luminated and /255
shaded s i d e s  of  cumulus clouds of g rea t  thickness;  

5) i n v e s t i g a t i o n  of  t h e  i s o t r o p i c i t y  of  t h e  r a d i a t i o n  of  c i r r u s  clouds. 

The c o r r e l a t i o n  funct ion w a s  ca l cu la t ed  on t h e ' b a s i s  of t h e  values  of 
t h e  signal obtained from t h e  output of t h e  radiometer-pyrometer during operat ion 
OT t h e  la t ter  i n  t h e  second mode: scanninR a t  a frequency of  7 Hz over a 
circumference with an angular r a d i u s  of 5'. To automate t h e  c a l c u l a t i o n s  t h e  
s i g n a l  obtained i n  one scanning period (one observation) is  represented as 
a sequence of  readings following each o the r  a t  an i n t e r v a l  corresponding t o  
t h e  s p a t i a l  r e s o l u t i o n  of  t h e  instrument.  
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The ca l cu la t ions  were performed by a BESM-4 computer i n  accordance with 
t h e  formula 

(5.19) ., 

i n  which r(kAt) a r e  t h e  va lues  of t h e  funct ion sought; S(iAt) are t h e  va lues  of 
t h e  s igna l ;  A t  i s  t h e  reading i n t e r v a l ,  which equals  3*10-4sec; and N is t h e  
t o t a l  number of readings over t h e  per iod of observat ion.  

To increase  t h e  accuracy averaging was performed over t h e  aggregate of 
t h e  var ious  observat ions i n  s tudy of t h e  same form o f  cloud cover. 

Under t h e  assumptions made i n  t h e  foregoing regarding t h e  s p a t i a l  s t r u c t u r e  
of  clouds t h e  argument of t h e  c o r r e l a t i o n  funct ion i s  represented by only 
one va r i ab le ,  t h e  d i s t ance  between t h e  po in t s  of t h e  s e c t i o n < i n v e s t i g a t e d .  
However, t h e  va lue  of  r (kAt)  found by t h e  method descr ibed above is  t h e  co r re l a 
t i o n  func t ion  obtained over t h e  circumference, and i t s  argument is angle  J, 
expressed i n  kAt .  In  order  t o  effect t r a n s i t i o n  t o  t h e  c o r r e l a t i o n  func t ion  
whose argument i s  t h e  d i s t ance  between po in t s  it i s  necessary t o  switch io t h e  
va r  i a b l  e 

A@=2R sin kAt , 
(5.20) 

i n  which R i s  t h e  scanning r ad ius ,  which equals S o ,  and t o  express  t h e  co r re l a 
t i o n  func t ion  through t h i s  v a r i a b l e  A s .  

Typical c o r r e l a t i o n  func t ions  of t h e  br ightness  of cumulus clouds measured 
i n  t h e  s p e c t r a l  reg ions  of 8-13 and 10.2-11.5 1-1 are presented i n  Figure 151 as /256 
a funct ion of  scanning angle  J, and angular d i s t ances  i n  t h e  sky 9, IP.We see 
t h a t  t h e  c o r r e l a t i o n  r ad ius  of small-scale he te rogene i t i e s  i s  J, = 2*. 

In  our case ,  i n  which' J, < 4', expression (5.20) may be l i nea r i zed  t o  
A 9  J, without s u b s t a n t i a l  e r r o r .  This means t h a t  t h e  c o r r e l a t i o n  func t ion  of 
br ightness  as a func t ion  of  angular  d i s t ance  i n  t h e  sky i s  i n  form near  t h a t  
of t h e  c o r r e l a t i o n  funct ion of  Figure 151. The c o r r e l a t i o n  r ad ius  i n  t h i s  
ins tance  i s  A 6  5 2 ' ,  t o  which a l i n e a r  d i s t ance  on t h e  cloud of t h e  order  of  
100 m corresponds. 

We use t h e  s p a t i a l  s p e c t r a l  dens i ty  of longwave cloud br ightness  as t h e  /257 
bas i c  c h a r a c t e r i s t i c  of s p a t i a l  v a r i a b i l i t y  of cloud formations.  High-speed! 
radiometry equipment permits  measurement of t h e  s p e c t r a l  components over such 
shor t  time i n t e r v a l s  t h a t  t h e  br ightness  v a r i a t i o n s  of  t h e  sec t ion  inves t iga t ed  
i n  t ime may be disregarded.  In t h i s  case t h e  s igna l  from t h e  radiometer output 
i s  pe r iod ic  and a s tandard spectrum analyzer  may be used f o r  frequency ana lys i s .  
An S5-3 analyzer  with a passband of  A f  = 6 Hz was used i n  our work. The spec t ra l /258  
d e n s i t y  was determined by squaring spectrum f o r  br ightness  and averaging t h e  
va lues  obtained over t h e  observat ions (usual ly  over 10-15). 

If  t h e  length  of  t h e  scanning l i n e  i n  space i s  known, t h e  number of harmonics 
may be expressed a s  t h e  number of  per iods per  rad ian ,  but  it must be remembered 
t h a t  t h e  scanning t r a j e c t o r y  i s  c u r v i l i n e a r  i n  space. The first harmonic 
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corresponds t o  a scanning l i n e  length equaling 31 angular degrees,  and t h e  
hundredth harmonic t o  one o f  0.31'. 

Figure 151. Correlat ion Functions of Cumulus Cloud Brightness, 
Averaged over Observations, Versus C i rcu la r  Scanning Angle $: 
1, A A  = 8 .5 -12 .5  p ,  6 = 65',  Cp 50'; 2 ,  A A  = 10.2-11.5 ~.c, 
9 = goo, cp = 75'. 

The s p e c i f i c  na tu re  of  t h e  scanning has a p a r t i c u l a r l y  heavy impact on t h e  
f i r s t  harmonics, t h e  values  of which depend both on t h e  f l u c t u a t i o n  i n  r a d i a t i o n  
and on t h e  temperature g rad ien t ,  which depends on t h e  zen i th  angle of s i g h t i n g  /259
of  t h e  instrument and on t h e  c u r v i l i n e a r i t y  of t h e  scanning t r a j e c t o r y .  

Spectral  d e n s i t i e s  S(k) of t h e  br ightness  of cumulus clouds f o r  zen i th  angle 
6 = 60-70' a t  azimuths VJ = 0-360' a r e  shown i n  Figure 152. A s  may be seen from 
t h e  Figure,  t h e  spec t r a  a r e  v i r t u a l l y  independent of t h e  azimuth. The d i spe r s ion  
of the  s p e c t r a l  dens i ty  i s  s l i g h t  (shaded areas)  and may be ascr ibed t o  t h e  
s l i g h t  change i n  zen i th  angle At9 = lo" ,  as well  as t o  experimental e r r o r s  
determined by t h e  e r r o r s  of t h e  S5-3 analyzer.  

The r e s u l t s  of study of t h e  v a r i a b i l i t y  of t h e  br ightness  of var ious clouds 
i n  space as a funct ion of zeni th  angle 9 f o r  azimuths cp = 20-40' are shown i n  
Figure 153. I t  i s  t o  be seen t h a t  t h e  s p e c t r a l  d e n s i t y  of t h e  b r igh tness  of 
altocumulus clouds has a g r e a t e r  abundance of small s p a t i a l  he t e rogene i t i e s  than 
t h a t  of  t h e  cumulus clouds and depends on t h e  zeni th  angle.  I t  is t o  be noted 
t h a t  t h e  heavy dependence of t h e  s p e c t r a l  dens i ty  f o r  t h e  low frequencies  on 
t h e  zen i th  angle i s  due t o  t h e  considerable contributhon made by t h e  r a d i a t i o n  
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of t h e  atmospheric column and t h e  v a r i a b i l i t y  i n  t h e  amount of  clouds along t h e  
c i r c u l a r  scanning t r a j e c t o r y ,  e s p e c i a l l y  a t  small angles t o  t h e  horizon [31, 
105, 1191. This r e l a t i o n s h i p  i s  manifested i n  operat ion of  t h e  instrument i n  
t h e  second mode, it being confirmed by t h e  r e s u l t s  of measurement of t h e  
br ightness  of  a c loud les s  sky. These r e s u l t s  are presented in .F igu re  154, which 
reveals a sharp inc rease  i n  b r igh tness  at  small angles t o  t h e  horizon. For 
t h i s  reason t h e  s i g n a l  d i f f e r e n t i a l s  i nc rease  with decrease i n  t h e . z e n i t h  angle
i n  c i r c u l a r  scanning. This f i g u r e  a l s o  shows t h e  br ightness  of  a cloudless  
sky as a funct ion of t h e  zen i th  angle for various azimuths measured a t  i n t e r v a l s  
of 10-20' over t h e  range from 0 t o  360°. The s l i g h t  d i spe r s ion  of b r igh tness  
over t h e  azimuth may be explained by t h e  varying degree of t u r b i d i t y  of t h e  
atmosphere i n  t h e  a r e a  of measurement. The r e s u l t s  of many s t u d i e s  are i n  
agreement with t h e  t h e o r e t i c a l  c a l c u l a t i o n s  [120, 1211. 

i ro 5 0 *  

Figure 152. Spec t r a l  Densi t ies  of Cumulus Cloud 
Brightness ( i n  ( ~ * c m - ~ * s t e r - ~ ) ~ )Versus Number 
of Harmonics k: 1, AA = 8.4-12.5 p; 2,  A A  = 10.2
-11.5 1-1; 3, Equipment Noise. 

On t h e  one hand, a t t e n t i o n  must be c a l l e d  t o  t h e  f a c t  t h a t  i n  t h e  case of 
t h e  measured s p e c t r a l  d e n s i t i e s  of t h e  b r igh tness  of cumulus clouds of g r e a t  
thickness  i n  t h e  d i r e c t i o n  of  t h e  zen i th  (Figure 153, curve 1 (dot-and-dash 
l i n e ) )  t h e  low-frequency component i s  smaller  i n  value than i n  t h e  case of  /260-
t h e  s p e c t r a  f o r  clouds of t h e  same form s i t u a t e d  at  t h e  horizon. On t h e  o t h e r  
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hand, w e  know [122] t h a t  t h e  c o e f f i c i e n t  of r a d i a t i o n  blackness of  cumulus 
clouds i s  near un i ty ,  and t h e  c o n t r a s t  between clouds and c loud les s  sky is  at  
t h e  maximum at  t h e  zeni th .  I t  is  t o  be noted t h a t  t h e  temperature of cumulus 
clouds d i f f e r s  by 10-15O from t h e  temperature of t h e  l a y e r  of atmospheric 
a i r  near  t h e  ground. This conclusion may not be drawn, however, on t h e  bas i s  
of  t h e  va lue  of t h e  low-frequency components of s p e c t r a l  dens i ty .  

I 5 to 5 0 *Figure 153. Spec t r a l  Brightness Dens i t i e s  ( i n  (wrcm-2.  
* s t e r - 1 ) 2 )  o f  Clouds of Different  Form Versus Number of 
Harmonics k at A 1  = 10.2-11.5 p, cp = 20-40'. Curve -, 
$ = 80-850, -.-. , 9 = 0 ~ 5 ~ ;1, Cumulus Clouds; 2 ,  Alto
cumulus; 3, Cir rus ;  4, Equipment Noise. 

This behavior of t h e  s p e c t r a l  dens i ty  may be ascr ibed t o  t h e  f a c t  t h a t ,  
owing t o  t h e  small tu rn ing  angle of t h e  f i e l d  of view of t h e  instrument i n  
space f o r  individual  observat ions , t h e  scanning was performed cloud by cloud, 
t h a t  is, high-frequency components were present  i n  t h e  s p e c t r a l  dens i ty  of t h e  
s i g n a l ,  ones due c h i e f l y  t o  f l u c t u a t i o n s  i n  br ightness  on t h e  su r face  of  a 
cloud. A s  a matter of f a c t ,  t h e  g r e a t e s t  d i spe r s ion  of  t h e  values  of t h e  
low-frequency component i n  t h e  s p e c t r a l  dens i ty  of t h e  s i g n a l  are manifested 
p r e c i s e l y  f o r  angles near  t h e  z e n i t h  angle. I t  follows t h a t  with t h e  form of 
scanning adopted determination of t h e  s p e c t r a l  dens i ty  of  t h e  b r igh tness  of 
cumulus clouds of g rea t  t h i ckness  r e q u i r e s  a g r e a t e r  number of observations ' 

than f o r  clouds such as altocumulus ones. A s  was t o  be expected, t h e  high 
frequency components of t h e  spectrum a r e  somewhat l e s s  pronounced than, f o r  
example, f o r  clouds of t h e  same form measured at angles  near  t h e  zeni th  angle. 
This i s  due t o  t h e  f i n i t e  r e s o l u t i o n  of  t h e  instrument,  t h a t  i s ,  t h e  l i n e a r  
dimensions of t h e  f i e l d  of view i n  measurement of clouds on t h e  horizon are 
much l a r g e r  than i n  measurements a t  t h e  zeni th .  A s  a r e s u l t ,  averaging by t h e  
d e t e c t o r  v a r i e s  over t h e  su r face  of t h e  clouds and inc reases  with t h e  zen i th  
angle of observation (see Chapter I ,  Section 4) .  
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Figure 154. Examples of Dependence o f  
Brightness ( i n  w * c m - 2 *  ster' 10- 3, of 
a Cloudless Sky on t h e  Zenith Angle 
at  A X  = 8.5-12.5 1~.. 

In  t h e  processing of t h e  ma te r i a l s  
certain observat ions t h e  s p e c t r a l  d e n s i t i e s  of  t h e  br ightness  of 

Account must a l s o  be taken o f  
t h e  fact t h a t  small br ightness  o r  
temperaturo he t e rogene i t i e s  at  
l a rge  zeni th  angles  are f i l t e r e d  
out more ex tens ive ly  i n  view of  t h e  
s c a t t e r i n g  and absorpt ion i n  t h e  
atmosphere [ l o ] .  

The l aye r  of  t h e  atmosphere 
between t h e  clouds and t h e  Ear th ' s  
sur face  has  v i r t u a l l y  no effect 
on t h e  s p e c t r a l  dens i ty  a t  angles  
8 = 0-40'. The s p e c t r a l  d e n s i t i e s  
f o r  t h e s e  angles  coincide.  

The s p a t i a l  s t r u c t u r e  of  t h e  
br ightness  of  c i r r u s  clouds does 
not lend i t s e l f  w e l l  t o  dependable 
descr ip t ion .  The s p e c t r a l  d e n s i t i e s  
are f a i r l y  va r i ab le ,  as may be 
seen from F igure  153, i n  which t h e  
most t y p i c a l  cases f o r  c i r r u s  
clouds are presented.  

it was observed, t h a t  f o rf o r  example, 
c i r r u s  clouds 

C i  d i f f e r  l i t t l e  from t h e  s p e c t r a l  d e n s i t i e s  of t h e  br ightness  of altocumulus 
clouds.  

The d i spe r s ion  i n  t h e  s p e c t r a l  d e n s i t i e s  may be ascr ibed  t o  f a i l u r e  t o  
a l low f o r  t h e  var ious  forms of  c i r r u s  clouds and t o  c e r t a i n  c h a r a c t e r i s t i c s  of' t h e i r  s t r u c t u r e .  For example, t h e  na ture  o f  t h e  s p a t i a l  s t r u c t u r e  of  br ightness  
v a r i e s  i n  l i n e a r  scanning along and across  C i  cloud banks (Figure 155). A s  may 
be seen from t h i s  f i g u r e  (curve 2 ) ,  t h e  s igna l  is  very  jagged i n  scanning across  
t h e  banks, small s p a t i a l  he t e rogene i t i e s  are present ,  and t h e  f l u c t u a t i o n s  i n  
r a d i a t i o n  are damped out on passage from bank t o  bank. There i s  l i t t l e  v a r i a t i o n  
i n  t h e  br ightness  of c i r r u s  clouds along t h e  banks (curve 1)  and between them 
(curve 3 ) ,  and small unevennesses are absent from t h e  s igna l .  The g rea t  
v a r i a b i l i t y  of  t h e  S(k) of ind iv idua l  observat ions of t h e  br ightness  of c i r r u s  
clouds i s  apparent ly  determined by t h e  fact t h a t  s p a t i a l  he t e rogene i t i e s  of  
small dimensions are present  i n  some observat ions,  while t h e i r  weight i s  rela- /262 
t i v e l y  low i n  o the r s .  For example, f o r  more p rec i se  determinat ion o f  S(k) f o r  
Cu t h e  averaging f o r  c i r c u l a r  scanning should be c a r r i e d  out  on t h e  b a s i s  of a 
l a r g e r  number of observat ions i n  comparison with t h e  more homogeneous A c  clouds.  

The measurement procedure a l s o  provided f o r  i nves t iga t ion  of t h e  e f f e c t  o f  
t h e  Sun on t h e  s p a t i a l  s t r u c t u r e  of t h e  longwave br ightness  of  clouds.  For t h i s  
purpose s tudy  was made of t h e  na tu re  of  f l u c t u a t i o n s  i n  br ightness  on t h e  
i l lumina ted  and t h e  shaded s i d e s  of  clouds.  S ing le - t i e r  t h i c k  cumulus clouds 
several dozen angular  degrees i n  dimensions with c l ea rcu t  boundaries and well /263 
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i l luminated and shaded s i d e s  were se l ec t ed  f o r  observation. The instrument was 
aimed a t  a cloud by means of an o p t i c a l  system in t eg ra t ed  with t h e  f i e l d  of 
view of t h e  radiometer. I t  w a s  noted t h a t  i n  individual  i n s t ances  t h e  
f l u c t u a t i o n s  i n  r a d i a t i o n  a r e  more pronounced on t h e  i l luminated s i d e ,  while 
on t h e  shaded s i d e  they a r e  f a i n t  o r  a l t o g e t h e r  absent [59]. Figure 156 shows 
t h e  d i s t i n c t i v e  f e a t u r e s  of f l u c t u a t i o n s  i n  r a d i a t i o n  on t h e  i l luminated and 
t h e  shaded s i d e s  of clouds.  I t  i s  t o  be observed t h a t  t h e  clouds with c l e a r c u t  
borders .and appreciably i l luminated and shaded s i d e s ,  which are convenient f o r  
observation, were r a t h e r  seldom encountered during t h e  period of  i n v e s t i g a t i o n s  
and f o r  t h i s  reason r e l a t i v e l y  f e w  such s t u d i e s  were conducted. 

. 

Figure 
0 
155. 

10 20 30 qtf
Exam les of V a r i a b i l i t y  of Cloud Brightness 

( in  ~ . * c m - ~ * s t e r - ~ * l O - ~ )  = 8.5-12.5 1-1; a, Thicka t  AA 
Cumulus Clouds; 1, 6 = 45', cp = 305-340°, Daytime; 2 ,  
6 = 4S0, cp = 23-58', Nighttime; b,  C i r rus  Clouds: 1, 
Along Banks, 6 = 15-90'; cp = 300'; 2 ,  Across Banks; 
6 = 20°, cp = 290-325O; 3 ,  Between Banks, 6 = 15-90-15', 
cp = 305'. 

Corresponding measurements were performed f o r  t h e  purpose of  comparison 
of  t h e  s p a t i a l  s t r u c t u r e s  of night t ime and daytime clouds; t h e  r e s u l t s  are 
presented i n  Figure 157. The clouds could be c l a s s i f i e d  as cumulus during t h e  
day and a t  sunset .  The measurements were conducted between 2200 and 2330 
hours. I t  unfortunately cannot be s t a t e d  t h a t  t h e  clouds observed were a l s o  
of t h i s  form i n  t h e  case of t h e  night t ime observations.  A s  may be seen from;--54 
Figure 157, t h e  averaged s p e c t r a l  d e n s i t i e s  of t h e  b r igh tness  of night t ime .and 
daytime clouds,  which were s tudied with approximately t h e  same s p a t i a l  

/264coordinates ,  d i f f e r  only s l i g h t l y  from each o ther .  However, i n  view of t h e  -
cooling of  t h e  clouds a t  night  t h e  curves of t h e  s p e c t r a l  d e n s i t i e s  of 
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brightness for the nighttime clouds are situated lower than the curves of the 
spectral densities obtained for the daytime clouds. 

b 


L .  - I 

240 t 6 0 y  20 60 Q 

Figure 156. Exam les of Variability in Brightness
(in w *~m-~-ster-~*lO-~)of Thick Cumulus Clouds at 
6 = 55O. a, AA = 8.5-12.5 p; b, A A  = 10.2-11.5 p. 

Figure 157. Spectral Densities of Brightness 
(in wt=cm-2-ster-1)2)of Thick Cumulus Clouds 
Versus Number of Harmonics k: Solid lines, 
AA = 8.5-12.5 p, Dot-and-Dash Lines, AX = 10.2
-11.5 p; 1, 4, Daytime; 2, 5, Nighttime; 3,  
Equipment Noise. 

The nature of the variability of brightness is also illustrated by Figure
155, from which it is to be seen that the small heterogeneities of brightness 
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i n  t h e  case of daytime clouds are somewhat more pronounced than f o r  t h e  nighttime 
clouds.  Should t h e  f a c t  a sce r t a ined  i n  t h e  foregoing of more extensive f l u c - /265-
t u a t i o n  of r a d i a t i o n  on t h e  i l luminated s i d e s  be ascribed t o  r e f l e c t i o n  of 
s o l a r  r a d i a t i o n  by t h e  unevennesses of t h e  s i d e s  of t h e  clouds? Theoretical  
estimates have been made t h a t  show t h a t ,  owing t o  r e f l e c t i o n  of s o l a r  r a d i a t i o n ,  
b r igh tness  f l u c t u a t i o n s  i n  t h e  s p e c t r a l  range of  8-12 1-1 may a t  t h e  maximum reach 
values  corresponding t o  v a r i a t i o n s  i n  t h e  r a d i a t i o n  temperature of up t o  0.1'. 
Thus t h e  more i n t e n s i v e  f l u c t u a t i o n s  on t h e  i l luminated s i d e  of  clouds a r e  
apparent ly  caused c h i e f l y  by t h e  temperature he t e rogene i t i e s  o f  t h e  l a t t e r .  These 
he t e rogene i t i e s  a r e  probably due t o  absorption of t h e  r a d i a n t  energy of the  
Sun at a l l  wavelengths and t o  more vigorous tu rbu len t  mixing on t h e  i l luminated 
s i d e s  of t h e  clouds. 

The r e s u l t s  obtained i n  i n v e s t i g a t i o n  of t h e  s p a t i a l  s t r u c t u r e  of cloud 
b r igh tness  may be u t i l i z e d ,  f o r  example, t o  determine t h e  form of  clouds both 
i n  daytime and a t  n ight .  Determination of t h e  form of clouds by equipment 
methods with s u f f i c i e n t  dependab i l i t y  can be achieved by measurement of t h e  
i n t r i n s i c  r a d i a t i o n  of clouds i n  t h e  water vapor window. 
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